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Abstract
In our quest to win a deeper understanding of how QCD actually works, the study of the binding
of heavy quarkonia and heavy-flavor hadrons to atomic nuclei offers enormous promise. Modern
experimental facilities such as FAIR, Jefferson Lab at 12 GeV and J-PARC offer exciting new
experimental opportunities to study such systems. These experimental advances are complemented
by new theoretical approaches and predictions, which will both guide these experimental efforts
and be informed and improved by them. This review will outline the main theoretical approaches,
beginning with QCD itself, summarize recent theoretical predictions and relate them both to past
experiments and those from which we may expect results in the near future.
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1 Introduction
There is now overwhelming evidence that Quantum Chromodynamics (QCD) is indeed the fundamental
theory of the strong interaction and yet we are very far from actually understanding how it works.
Certainly lattice QCD has had remarkable success with ground state hadrons, mesons with a simple
quark-anti-quark pair and baryons with three valence quarks [1]. Yet beyond that our ignorance is
profound. After decades of speculation about, and searches for, colorless states with more than the
minimal number of valence quarks we still have no idea whether such states exist or indeed whether
QCD predicts them or not.
In the list of particles that have come and gone at various times we think of dibaryons [2, 3, 4],
pentaquarks [5, 6] and exotic mesons [7]. Certainly, in the study of excited baryons it has recently
become clear that the Λ(1405) is an anti-kaon-nucleon bound state [8] and that the Roper resonance is
almost certainly dynamically generated through meson-baryon coupled channel dynamics [9], although
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there is no consensus on this [10]. There is now a zoo of excited states of the cc system that must
involve more than a simple quark-anti-quark pair. Yet there is no consensus as to whether these are
molecular states, threshold effects or genuine exotic states bound by gluonic forces [11]. Until we can
find definitive answers to such issues, it is not possible to classify our understanding of QCD as more
than superficial.
The study of the interactions of quarkonia with atomic nuclei is an extremely promising avenue for
exploring such issues. Because of the Zweig rule, the mean fields generated by light meson exchange,
which provide a natural explanation of the binding of atomic nuclei, cannot bind a cc or bb pair and
if such states are indeed bound to nuclei one must look to other mechanisms, including gluon exchange.
Thus the key issues in this field are firstly whether quarkonia are indeed bound to nuclei, secondly by
how much and what are the properties of such states and thirdly how can one quantitatively understand
these observations in terms of QCD. This work aims to summarize the status of the theoretical and
experimental work in this exciting area. It is complementary in some aspects to the recent review by
A. Hosaka et al. in Ref. [12]; while the main focus of the latter is on properties of heavy hadrons
in nuclear matter and few-body systems, the present review focuses on nuclear binding phenomena of
quarkonia and heavy-flavor hadrons that are of direct relevance for the experiments planned at existing
and forthcoming facilities that include FAIR, Jefferson Lab at 12 GeV and J-PARC.
The review begins with a reminder, in section 2, of QCD and especially its adaptation to heavy
quark systems, with an emphasis on non-relativistic QCD, NRQCD, which has proven very successful
in dealing with heavy quark systems. This is followed by a discussion of potential NRQCD, pNRQCD,
which combines NRQCD with effective field theory to yield a Hamiltonian describing the gluon-mediated
interactions of quarkonia with other colorless systems.
Section 3 is an outline of the quark-meson coupling (QMC) model. This model starts at the level of
the quark structure of hadrons, focusing on the interactions between them mediated by meson exchange,
including the change of the internal structure of a hadron immersed in a nuclear medium implied by
the self-consistent solution of the field equations. The QMC model serves as a natural way to calculate
the non-gluonic mechanisms which may contribute to the binding of quarkonia.
Section 4 deals with the ideal case of the interactions of the J/Ψ with nuclei. In terms of QCD
this may be viewed as a small color dipole immersed in a nuclear medium and so goes to the heart of
the issue elaborated earlier, namely how QCD actually works in systems with more than the smallest
number of valence quarks. While the J/Ψ presents particular challenges because of its larger mass,
any nuclear levels should be quite narrow and this should make their experimental identification, once
formed, quite straightforward.
Although in the context of this review the strange quark is not particularly heavy, because the φ
meson is almost entirely ss, with little light quark content, it serves as a promising way to access the
physics at the heart of this review. In section 5 we outline the many experiments which have already
given some hints of binding of the φ to atomic nuclei as well as the more modern attempts in preparation.
This experimental work is carefully placed in the context of modern theoretical expectations.
Although they are not strictly quarkonia, there has recently been quite a bit of experimental interest
in the possible binding of η, η′ and ω mesons and we devote section 6 to this topic. Section 7 deals with
the natural extension of heavy flavored hadrons, D, D mesons and hypernuclei, namely bound states
of D, D mesons as well as Λ+c and Λb baryons to nuclei. Finally, section 8 contains some concluding
remarks.
2 Quantum chromodynamics
In this section we collect different pieces of common knowledge on QCD most relevant for the present
review. Without aiming at being exhaustive or self-contained, the basic facts regarding QCD which
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we have chosen to cover in this section are directly related to the material discussed in the rest of this
review. We refer the reader to the indicated references throughout the text for a more complete and
comprehensive account of the subjects discussed.
2.1 QCD Lagrangian, quark masses and ΛQCD
We write the Lagrangian density of QCD as
LQCD = L(0)q + L(0)Q + L(0)g
= Lq + LQ + Lg + Lc.t., (1)
wherein the terms with or without the superscript (0) have the same structure and are given as follows.
Lq contains the light-flavor quark Dirac fields q = (u, d, s), LQ the heavy-flavor quark Dirac fields
Q = (c, b, t),
Lq = q(x)
(
i /D −mq
)
q(x), LQ = Q(x)
(
i /D −mQ
)
Q(x), (2)
and Lg contains the pure-gluon part
Lg = −1
4
Gaµν(x)G
aµν(x). (3)
In Eq. (2), mq and mQ are the light and heavy quark mass matrices
mq =
 mu 0 00 md 0
0 0 ms
 , mQ =
 mc 0 00 mb 0
0 0 mt
 . (4)
In addition, /D = γµDµ and G
a
µν , with a = 1, . . . , 8, are respectively the SU(3) color covariant derivative
and gluon field strength tensor,
Dµ = ∂µ + ig Aµ(x), G
a
µν(x) = ∂µA
a
ν(x)− ∂νAaµ(x)− gfabcAbµ(x)Acν(x), (5)
where Aµ(x) = T
aAaµ(x), f
abc are the structure constants of the color SU(3) group, defined through
the commutator [T a, T b] = ifabcT b, with T a = λa/2 and normalized as T aT a = 4/3, where λa are the
SU(3) Gell-Mann matrices. Finally, Lc.t. refers to the counterterm Lagrangian density that is required
for renormalization; it contains terms of the same structure as those in the other three terms in the
second line of Eq. (1). The relation between a field with and without a superscript (0) is through
wave-function renormalization factors as φ(0)(x) = Z
1/2
φ φ(x); the renormalization procedure determines
the relation between (mq,mQ, g) and (m
(0)
q ,m
(0)
Q , g
(0)). φ(0) is a bare field and φ is a renormalized field,
and likewise for the mass and coupling parameters. The Lagrangian in Eq. (1) is not yet complete as
gauge fixing terms are necessary for implementing the calculations; we have omitted them because they
are not needed for the present discussions.
The separation into light and heavy quark sectors of QCD is dictated by the values of the quark
masses. Since free quarks are not observed, their masses cannot be measured directly. When one refers
to a value for the mass of a quark, it refers to a particular theoretical framework used to define it.
For an observable particle, the position of the pole of the full propagator of the particle is taken as
the definition of its mass—this is known as the pole mass. In QCD, the pole position of the quark
propagator can be defined unambiguously in the context of perturbation theory only. In that context,
the pole mass is infrared finite and gauge independent to all orders in perturbation theory [13].
Renormalization in a perturbative calculation in a field theory like QCD is based on subtraction
schemes to handle ultraviolet divergences. Invariably, renormalization schemes introduce an arbitrary
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mass scale, usually denoted by µ. The counterterm Lagrangian density Lc.t. in Eq. (1) is treated as part
of the interaction and is used to cancel the ultraviolet divergences; µ is a momentum at which one chooses
to cancel the ultraviolet divergences and hence it its called the subtraction or renormalization scale.
In this way, the values of the quark masses mq and mQ and the coupling constant αs ≡ g2/4pi depend
on the scheme used to render amplitudes finite; they become running quantities, in that mq = mq(µ),
mQ = mQ(µ), αs = αs(µ), with the running given by renormalization group (RG) equations. The
most used renormalization scheme is the so-called MS scheme [14]; in that scheme, the RG equation
for a running quark mass mf (µ), where f = (q,Q), is given by (we present the one-loop contributions
only) [15]
µ2
dmf (µ)
dµ2
=
[
−αs(µ)
pi
+O(α2s)
]
mf (µ), (6)
while the RG equation for αs(µ) is
µ2
dαs(µ)
dµ2
= β(αs) = −b0 α2s +O(α3s), (7)
where b0 is the one-loop beta-function coefficient, given in terms of the number of flavors Nf as
b0 =
33− 2Nf
12pi
, (8)
where Nf is the number of light flavors with masses less than the scale µ. Complications arise when
heavy flavors need to be taken into account in the loops [14] but they are of no concern at the level of the
present discussion. The essence of RG equations is that µ is an extraneous parameter to the theory and
physical quantities must be µ-independent; when changing µ, the running masses and coupling must be
readjusted in compensation to leave observables invariant. These RG equations are commonly derived
by using the fact that the bare parameters of the theory are µ-independent. An intuitive meaning
of µ is given in an enlightened discussion in Ref. [14] in the context of a deep inelastic scattering
process: for large values of µ, µ plays the role of a cutoff on the transverse momentum in a loop integral
contributing to such a process. In general, µ is chosen to be of the same size as the typical momentum
transfer involved in the process under study, and αs(µ) at that scale gives the effective strength of the
strong interaction in the process.
For αs(µ) sufficiently small, one can obtain its explicit µ dependence by integrating Eq. (7) from µ0
to µ:
1
αs(µ)
=
1
αs(µ0)
+ b0 ln
(
µ2
µ20
)
, (9)
which can be rewritten in terms of a µ-independent mass scale ΛQCD as
1
αs(µ)
− b0 ln
(
µ2
Λ2QCD
)
=
1
αs(µ0)
− b0 ln
(
µ20
Λ2QCD
)
. (10)
This, on the other hand, means that
ΛQCD = µ e
−1/[2b0αs(µ)], (11)
or, equivalently
αs(µ) =
1
b0 ln(µ2/Λ2QCD)
=
12pi
(33− 2Nf ) ln(µ2/Λ2QCD)
. (12)
As µ increases, αs(µ) decreases, QCD becomes weakly coupled and perturbation is applicable. This
feature is the renowned property of asymptotic freedom [16, 17]. Therefore, processes amenable to
5
perturbation theory are those involving large momentum transfers, or short distances. On the other
hand, processes involving small momentum transfers are not amenable to perturbation theory because
the effective coupling becomes large. From Eq. (12) one has that for µ ∼ ΛQCD, the coupling increases
substantially. Although Eq. (12) is not valid at such values of µ, extractions of αs from different
experimental sources show that it is a growing function of µ, varying typically from αs ' 0.08 at
µ = 1000 GeV to αs ' 0.4 at µ = 2 GeV [15].
The appearance of a mass scale in the theory due to the renormalization has deep consequences in
the way a symmetry of the classical QCD Lagrangian is realized when taking into account quantum
fluctuations. In general, when a symmetry of the classical Lagrangian of a theory is not realized in its
quantum version, one says that there exists an anomaly in the theory. One particular anomaly that
is of importance for the subject of quarkonia in nuclei, as we will discuss shortly, is related to scale
invariance of (massless) QCD, known as the anomaly in the trace of the energy-momentum tensor (or,
simply the trace anomaly) [18, 19, 20, 21, 22, 23, 24].
The mass scale ΛQCD is a parameter of QCD; it is the value at which the theory becomes strongly
coupled and nonperturbative. Its precise value depends on the renormalization scheme, on the number of
active flavors, on the perturbative order at which the β function is evaluated and also on approximations
used to solve the RG equation. That is, the determination of ΛQCD from data involves the use of an
αs(µ) obtained from the solution of the RG equation in some renormalization scheme and calculated up
to a certain number of loops; Equation (7), for example, is derived in the MS scheme and a calculation
that retains the first term only in that equation is a one-loop calculation. The present (central) values
in the MS scheme for different flavor numbers Nf are [15]
ΛQCD =

332 for Nf = 3
292 = 4
210 = 5
89 = 6
(13)
Reference [25] is a very recent review of the present theoretical and empirical knowledge for αs. The
review discusses several issues related to different definitions of αs and ΛQCD, their scheme dependence
and extraction of their values from experimental data. We strongly recommend this reference to the
reader interested in more details on these fundamental parameters of QCD.
Knowing αs(µ), one can solve the RG equation for the quark masses mf (µ). The PDG [15] quotes
values of the masses of the light (u, d, s) quarks in the MS scheme at the renormalization scale µ = 2 GeV,
and those of the heavy quarks (c, b, t) as pole masses or as MS masses evaluated at a scale equal to
the mass, i.e. mQ(µ = mQ). The pole mass mf and the MS masses mf (µ) evaluated at µ = mf are
related by
mf = mf (mf )
[
1 +
4αs(mf )
3pi
+O(α2s)
]
. (14)
Table 1 presents the values of MS masses collected by the PDG [15]—for completeness, the electric
charges and flavor quantum numbers (isospin I and third component of isospin I3, strangeness S,
charm C, bottom B and top T) of the quarks are also shown in the table. For the bottom quark,
using the MS mass given in the table leads to mb = 1.18mb(mb) = 4.93 GeV for the bottom pole mass,
when using Eq. (14) evaluated up to α3s [15].
Inspection of Tab. 1 reveals that the (u, d, s) quarks are clearly much lighter than the (c, b, t) quarks.
Although the s quark is much heavier than the (u, d) quarks, still, it is an order of magnitude lighter than
the lightest of the heavy quarks, the c quark. This large difference in the masses of light and heavy
quarks has dramatic consequences in the dynamics governing the internal structure of quark-gluon
bound states—the hadrons—containing different combinations of quarks of different flavors. In QCD,
a hadron is described by a state in Hilbert space, the state being characterized by a set of quantum
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Table 1: Quark masses (in GeV). The values of quark masses are central values (i.e. without uncertain-
ties) from the PDG [15]—they are MS masses, mq = mq(µ = 2 GeV) for the light quarks q = (u, d, s),
and mQ = mQ(µ = mQ) for the heavy quarks Q = (c, b, t), where µ is the renormalization scale. Also
shown are the electric charges (in units of the electron charge magnitude e) and flavor quantum numbers
of the quarks.
Quark u d s c b t
Mass 0.0022 0.0047 0.096 1.27 4.18 160
Charge +2
3
−1
3
+2
3
+2
3
+2
3
+2
3
Flavor I=1
2
, I3=+
1
2
I=1
2
, I3=−12 S=−1 C=+1 B=−1 T=+1
numbers, such as spin, parity, flavor, etc. Hadron properties can be studied by analysing correlation
functions (also known as propagators, or Green functions) of interpolators. Interpolators are gauge-
invariant products of quark and gluon field operators having the quantum numbers of the hadron of
interest. The mass spectrum of a hadron, for example, can be extracted by searching for isolated
poles in such a correlation function. Let h denote a light-flavor hadron. Even though the interpolators
for h contain gluon and light-flavor quark fields only, the heavy quark fields do contribute to the h
correlation functions through quantum fluctuations. However, in view of their large mass, heavy quarks
play a minor role in the properties of h in view of the decoupling theorem [26], which in its essence
asserts that the contributions of a large mass in quantum fluctuations are suppressed when they appear
in a finite amplitude, and when they appear in a divergent amplitude they can be eliminated through
the renormalization of the parameters of the theory.
2.2 Symmetries and anomalies
Consider the hypothetical situation in which the light quarks are massless, mq = 0, and the heavy
quarks are infinitely heavy, mQ =∞. The heavy quarks do not contribute at all to the structure of the
light-flavor hadron h. In this hypothetical situation, the only dimensionful parameters in the theory
are ΛQCD and the mass mh and a typical size rh of h would be
mh = ah ΛQCD, rh = bh Λ
−1
QCD, (15)
where ah and bh are dimensionless numbers. Different hadrons have different values for ah and bh. The
value of mh is deeply connected with the breaking of the scale invariance of the QCD Lagrangian due
to the renormalization. Let us consider a scale transformation of the spacetime coordinates xµ by a
dimensionless parameter λ
xµ → x′µ = λxµ, (16)
and the associated transformations of the quark q(x) and gluon fields Aµ(x)
q(x)→ q′(x) = λ3/2 q(λx), Aµ(x)→ A′µ(x) = λAµ(λx). (17)
Under this scale transformation, while the the classical QCD (massless) Lagrangian would change as
LQCD(x)→ L′QCD(x) = λ4 LQCD(λx), (18)
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the action remains unchanged:
SQCD =
∫
d4xLQCD(x)→
∫
d4xλ4 LQCD(λx) =
∫
d4x′ LQCD(x′) = SQCD. (19)
The associated Noether current, the dilatational current, is given by
Jµdilat(x) = T
µν(x)xν , (20)
where T µν(x) is the energy-momentum tensor, which is a conserved quantity, ∂µT
µν(x) = 0. The
divergence of Jµdilat(x) is the trace of the energy-momentum tensor:
∂µJ
µ
dilat(x) = T
µ
µ (x) = 0, (21)
where the vanishing of T µµ (x) follows from the classical equations of motion of the quark and gluon
fields. On the other hand, since the expectation value of T µµ in the state |h〉 of a hadron at rest gives
the mass of this state,
〈h|T µµ |h〉 = mh, (22)
where we are using a nonrelativistic normalization for the hadron states |h〉, the result in Eq. (21) would
suggest a vanishing mass for all hadrons.
A very simple, heuristic way to see how the situation changes due to quantum effects is as follows [27].
If one considers that the coupling g that appears in the Lagrangian is scale dependent, g = g(µ), the
massless action is not scale invariant anymore. First, let us rescale the gluon field by g as A
a
µ ≡ g Aaµ,
the massless Lagrangian becomes
LQCD = − 1
4g2
G
a
µν(x)G
aµν
(x) + q(x)
[
iγµ(∂µ + i Aµ(x))
]
q(x), (23)
so that one sees that all dependence on g appears as an overall factor in the pure-gluon term. Next, let
us consider an infinitesimal scale transformation, µ→ λµ with λ = 1 + δλ, so that
δSQCD = δ
(
− 1
4piαs
1
4
∫
d4xG
a
µν(x)G
aµν
(x)
)
= −2β(αs)
αs
SQCD δλ. (24)
From Noether’s theorem, one then has that the trace of the energy momentum tensor does not vanish,
which is the statement of the trace anomaly [18, 19, 20, 21, 22, 23, 24]:
T µµ (x) =
2β(αs)
αs
1
4
Gaµν(x)G
aµν(x) = −1
2
b0αsG
a
µν(x)G
aµν(x)
= − 9
32pi2
g2Gaµν(x)G
aµν(x), (25)
where we used the β−function at lowest order in perturbation theory. A more sophisticated proof of
this result can be found in Ref. [28]. Therefore,
mh = − 9
32pi2
〈h|g2GaµνGaµν |h〉. (26)
That is, the entire mass of a hadron is due to gluons.
When mq 6= 0, the trace of the energy-momentum tensor receives contributions from the mass term
in the light-quark part of the QCD Lagrangian in Eq. (2) and mh is given by
mh =
β(αs)
2αs
〈h|GaµνGaµν |h〉+ 〈h|q mq q|h〉. (27)
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The interesting point of this result is that the matrix element 〈h|g2GaµνGaµν |h〉 contributes to the
amplitude of quarkonium-hadron scattering at threshold, as we discuss further ahead in this review. This
means that one can probe the distribution of mass inside a hadron via close to threshold quarkonium-
hadron scattering [29]. Also, the combined use of the trace anomaly and a deep-inelastic momentum
sum rule allows to derive a separation of the nucleon mass into contributions of the quark and gluon
kinetic and potential energies, quark masses, and the trace anomaly [30].
For mq 6= 0, the parameters ah and bh receive contributions from mq. Since mq/ΛQCD  1, one
can in principle calculate corrections to ah and bh by treating the mass term mq q(x)q(x) in the QCD
Lagrangian in Eq. (1) as a perturbation and the results would be expressed in the form of (integer
and noninteger) powers of mq/ΛQCD and of ln(mq/ΛQCD). There is, however, a more practical way of
implementing a calculation of this kind by using an EFT employing hadron degrees of freedom. When
endowed with an appropriate power counting scheme, the EFT provides a powerful way of calculating
quark-mass corrections to observables. The EFT is based on the fact that in the mq → 0 limit,
QCD acquires an SU(3)R × SU(3)L chiral symmetry that is dynamically broken by the strong QCD
interactions to an SU(3)V flavor symmetry. Specifically, the light-quark part of the QCD Lagrangian
in Eq. (2) can be rewritten in terms of the right-handed and left-handed quark field operators qR(x) =
1/2(1 + γ5)q(x) and qL(x) = 1/2(1− γ5)q(x) as (we follow closely the presentation in Ref. [31]):
Lq = q(x) i /D q(x) = qR(x) i /D qR(x) + qL(x) i /D qL(x), (28)
which clearly is invariant under the transformations
qR(x)→ q′R = RqR(x), qL(x)→ q′L = L qL(x), (29)
with R ∈ SUR(3) and L ∈ SUL(3). The dynamical breaking of the SU(3)R × SU(3)L is commonly
discussed in terms of the nonzero value of the vacuum expectation value (v.e.v.) of quark bilinears
qf (x)qf
′
(x) = qfRq
f ′
L (x) + q
f
Lq
f ′
R (x):
〈qfR(x)qf
′
L (x)〉 = B δff
′
, (30)
where B ∼ Λ3QCD and f and f ′ are flavor indices. The v.e.v. 〈qf (x)qf (x)〉 is known as the quark
condensate. In perturbation theory, it is trivially zero (in the massless limit) and its nonzero value is
driven by nonperturbative gluon dynamics. There is a profound interrelationship between the trace
anomaly and dynamical chiral symmetry breaking, in that the smallness of the pion mass would be
difficult to reconcile with Eq. (27) were it not for the dynamical breaking of a symmetry, in the present
case, chiral symmetry—for a very recent discussion on this, see Ref. [32]. A nonzero value of the
condensate implies in a dynamically generated quark mass and thereof hadron masses can be understood
as coming from massive quarks, as in the pre-QCD quark models. Our understanding on how this exactly
happens and its impact on hadron observables has evolved tremendously during the last decades through
numerical simulations of QCD discretized on a space-time Euclidean lattice [33] and also from studies
in the continuum [34, 35].
Under the transformations in Eq. (29), this v.e.v. transforms as 〈q′fRq′f
′
L 〉 = B (LR†)f ′f . Since for
L = R the v.e.v. is unchanged, the SU(3)R × SU(3)L symmetry of the Lagrangian is broken to its
diagonal subgroup SU(3)V and one identifies the eight pseudoscalar mesons pi
0, pi±, K0, K
0
, K±, and
η with the (pseudo-)Goldstone bosons with the fluctuations of qRqL. The fields corresponding to these
particles can be described by a special unitary 3 × 3 matrix U(x)
U = eiΦ/f Φ =

pi0 + η/
√
3
√
2 pi+
√
2K+
√
2pi− −pi0 + η/√3 √2K0
√
2K− K
0 −2η/√3
 , (31)
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where f is the leptonic decay constant of the Goldstone bosons (with this normalization, the experimen-
tal value of the pion decay constant is fpi = 93 MeV). This matrix transforms under SU(3)R × SU(3)L
as
U(x)→ LU(x)R†. (32)
An effective Lagrangian density respecting SU(3)R × SU(3)L can be constructed by using as building
blocks products of U(x) and its derivative ∂µU(x). The leading order Lagrangian in the number of
derivatives is
LGB = f
2
4
Tr
[
∂µU(x) ∂
µU †(x)
]
. (33)
The factors 1/f in Eq. (31) and f 2/4 in the Lagrangian are chosen so that the kinetic-energy term of
the fields in the Lagrangian have standard normalization.
The symmetry-breaking mass term in the QCD Lagrangian can be implemented in the EFT by using
the trick of supposing that the mass matrix mq transforms under SU(3)R × SU(3)L as mq → Lmq R†,
so that the mass term in the Lagrangian is invariant under SU(3)R×SU(3)L. Then, to lowest order in
mq, the symmetry-breaking term in the EFT is
Lmq = q(x)mqq(x) = qR(x)mq qL(x) + qL(x)mq qR(x)→ LGB−mq = B Tr
[
U †(x)mq +m†qU(x)
]
. (34)
The lowest order Lagrangian of this EFT is the sum of the two contributions, Eqs. (33) and (34).
Higher order terms can be constructed in a similar fashion. There is a huge literature associated with
the use of this EFT to study low-energy phenomena involving (pseudo)Goldstone bosons. The reader
interested in knowing more on the techniques and applications of this and other chiral EFTs can find
good guidance in the book of Ref. [36]. Of interest for the present review are two applications of this
chiral EFT. One is related to the restoration of chiral symmetry at finite temperature T and baryon
density ρB. The other is in connection with the derivation of the long-range part of the quarkonium-
quarkonium interaction, that we discuss in subsection 2.4.
At very large temperatures, the relevant scale in QCD is the temperature and due to asymptotic
freedom the coupling strength αs becomes small and so the quark condensate. The same can be expected
for very large baryon densities, when the relative quark distances become small. For zero baryon density,
recent lattice QCD simulations [37], employing a pion mass of mpi = 161 MeV, have shown that there
is a drastic decrease of the quark condensate around a temperature of Tpc = 154 ± 9 MeV. For finite
baryon densities, the combined T and ρB behavior of the condensate is presently unknown in lattice
QCD. However, for sufficiently low temperatures, the lowest mass excitations are pions and the chiral
EFT just described can be used [38, 39] to obtain the temperature dependence of the condensate; to
leading order, 〈qq〉T is given by (for two massless quark flavors):
〈qq〉T
〈qq〉 = 1−
T 2
8f 2pi
. (35)
For nonzero ρB, there are results from calculations using QCD sum rules that generalize this result for
small values of ρB to [40, 41]:
〈qq〉TρB
〈qq〉 = 1−
∑
h
Σh
f 2pim
2
pi
ρhs = 1−
T 2
8f 2pi
− 1
3
ρB
ρ0
, (36)
where Σh = mq ∂mh/∂mq, ρ
h
s is the scalar density of a hadron h in matter and ρ0 is the baryon saturation
density of nuclear matter. These results point to a partial restoration o chiral symmetry and a large
body of work has been devoted to extract signals of changes of the intrinsic structure of hadrons in
nuclei due to this. In another direction, through experiments of heavy ion collisions, new phases of
QCD matter are expected to be created which can teach us about the first stages of the evolution of
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the Universe. Ref. [42] is a recent review on the theoretical and phenomenological understanding of
selected topics on hadrons in medium.
The classical Lagrangian in Eq. (28) has two additional global U(1) symmetries: one is a vector
U(1) symmetry where right- and left-handed quarks transform by a common phase, and the other is an
axial U(1) symmetry where right- and left-handed quarks transform by the opposite phase. While the
first remains a symmetry in the quantum version of the theory and is associated with baryon number
conservation, the second does not. More specifically, the axial transformation is of the form
qR(x)→ q′R(x) = e−i θ qR(x), qL(x)→ q′L(x) = e+i θ qL(x), (37)
or, equivalently
q(x)→ q′(x) = e−i θ γ5 q(x). (38)
Noether’s theorem implies conservation of the flavor singlet current
∂µJ
(0)
5µ (x) = 0, (39)
where
J (0)µ (x) = q(x) γµγ5 q(x) = u(x)γµγ5u(x) + s(x)γµγ5s(x) + s(x)γµγ5s(x). (40)
There are various ways to demonstrate that this symmetry does not happen in the quantum version
of the theory [43, 44]. The simplest to state but more elaborate to demonstrate is the assertion that
the transformations in Eq. (37) (or in Eq. (38)) change the measure in the path integral [45]. One
important consequence of this axial anomaly (also known as chiral anomaly) is that divergence of the
flavor-singlet current is given by (now including the explicit symmetry-breaking mass term)
∂µJ
(0)
5µ (x) =
3αs
8pi
µναβGaµνG
a
αβ + 2i
[
muu(x)γ5u(x) +mdd(x)γ5d(x) +mss(x)γ5s(x)
]
. (41)
We refer the reader to Ref. [27] for a modern textbook demonstration. As in the case of the trace
anomaly, one sees that the nonconservation of the flavor-singlet current is driven by gluon dynamics.
In the absence of this axial anomaly, one would have one more pseudo Goldstone boson with flavor
content uu+ dd+ ss ≡ η0, whose mass would vanish in the chiral limit. But the lightest candidate for
a ninth pseudoscalar particle is η′(960), which is much heavier the other real eight pseudo Goldstone
bosons [15]. Current understanding is that the physical pseudoscalar particles with an ss content
are η(549) and η′(960), which are mixtures of the flavor singlet combination η0 and flavor octet η8 =
uu+dd−2ss combination, with η′(960) being predominantly composed by the η0 component. In section 6
we review studies of the formation of η and η′ nuclear bound states. These are motivated [46, 47, 48] by
the fact that the in-medium mass of the η and η′ are modified by the interaction with the nuclear mean
fields, in particular by the attractive scalar-isoscalar component. The study of these nuclear bound
states provides a unique opportunity to learn about the interplay between dynamical chiral symmetry
breaking and the axial anomaly.
We also review recent progress in studies of nuclear bound states of heavy-flavor hadrons. Hadrons
containing light quarks and only one heavy quark (or antiquark) are very interesting QCD bound states.
They are interesting as their internal dynamics is still determined by the light quarks and the presence
of a heavy quark gives rise to a symmetry which is not apparent in the QCD Lagrangian. In the
mQ → ∞ limit, the heavy quark does not contribute with a (positive) kinetic energy to the bound
state and the mass and typical size of the hadron are still governed by ΛQCD. Moreover, the average
velocity vQ of the heavy quark in a heavy-light bound state is changed very little by the interactions,
as ∆vQ = ∆pQ/mQ ∼ ΛQCD/mQ  1 and the interactions of a heavy quark, regardless of its flavor,
within the hadron become independent of its spin. This gives rise to a spin-flavor heavy quark U(2NQ)
symmetry— 2NQ = 2 (spin)×NQ (heavy flavors). This means that the light quark dynamics occurs in
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the background of a strong color field of an essentially static spectator. An EFT, known as HQET, can
be constructed from the QCD Lagrangian by a implementing a suitable 1/mQ expansion [31].
On the other hand, the internal dynamics of hadrons containing more than one heavy quark is very
different from that of the previous two cases. Let us take the case of a heavy quarkonium QQ, which
is one of the heavy hadrons of interest to the present review. For large values of mQ, the bound-state
is controlled by short-distance dynamics, which is weakly coupled and nonrelativistic. The interaction
between the Q and Q is essentially an attractive Coulomb force and the heavy quark must have a
kinetic energy to balance this force and form a bound state. The mass and size of the QQ quarkonium
are not at all controlled by ΛQCD. Nonrelativistic QCD (NRQCD) [49] and potential nonrelativistic
QCD (pNRQCD) [50, 51] are examples of EFTs that have been used to treat heavy quarkonia—for a
comprehensive review, see Ref. [52]. These EFTs provide an adequate first-principles framework for
studying the low energy interactions of quarkonia in nuclear matter as their Lagrangian (or Hamiltonian)
can be cast into the form usually used to treat the nuclear many-body problem. We discuss this in the
next section.
To finalize this section, we mention that the top quark t is of no interest in the present review.
The top quark is the heaviest quark, its lifetime is very short, τt = 5 × 10−25 s, it decays with a
probability close to 100% to a W boson and b quark, and has a width much larger than ΛQCD, namely
Γt ' 1.4 GeV [15] and, because of this, it cannot form a QCD bound state like a toponium tt or a
heavy-light qt meson [53].
2.3 Nonrelativistic QCD (NRQCD)
In this and in the following sections we outline the construction of nonrelativistic approximations to
QCD that lead to EFTs adequate for studying quarknonium in free space. It is not our aim to give a
full account of the field of nonrelativistic QCD or of the results obtained within such approximations;
we direct the interested reader to excellent review articles available in the literature. We focus on
concepts and techniques that we believe are useful for building EFTs for studying quarkonium in
matter. A theoretical framework rooted in QCD and built on controllable approximations that can be
systematically improved is not yet available for quarknonium in matter. It is our hope that the present
and the following chapters will motivate readers to contribute to this endeavor.
As pointed out previously, when mQ  ΛQCD, the quark and antiquark in the rest frame of a heavy
quarkonium are nonrelativistic, with relative velocities v  1. This implies that relative momenta are
given by |~p| ∼ mQv  mQ. A nonrelativistic approximation involves an expansion in powers of |~p|/mQ;
since |~p|/mQ ∼ v  1, the velocity v can be used as a small expansion parameter. The binding energy
EB is another important scale in the problem. From the virial theorem, EB ∼ mQv2  |~p|. Therefore,
the heavy quarkonium bound state is charaterized by three well-separated scales, traditionally named
hard, soft and ultrasoft:
• Hard: mQ, the heavy quark mass, it is the largest scale;
• Soft: |~p| ∼ mQv, the relative momentum;
• Ultrasoft: EB ∼ mQv2, the binding energy.
NRQCD is an EFT designed to accurately reproduce the low momentum behavior of QCD in the
heavy quark sector, where mQ  ΛQCD. NRQCD is obtained from QCD by integrating out the hard
scale mQ. The heavy-quark field operators are two-component nonrelativistic Pauli spinors, ψ for the
quark and χ for the antiquark, and gluons are kept fully relativistic. The field ψ annihilates a heavy
quark and χ creates a heavy antiquark. For simplicity, we consider a single heavy flavor quark, so
there is no need for flavor indices in ψ and χ and mQ. Here we will follow the simplest path to
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construct the lowest-order terms of the Lagrangian: one writes down the most general gauge-invariant,
rotationally symmetric and Hermitian local Lagrangian that respects P (parity), T (time-reversal) and
Galilean invariances—here we follow closely the presentation in Ref. [54]. Moreover, the Lagrangian
is built using a power counting scheme, whose meaning will become clear in the next discussions. We
concentrate on the part of the effective Lagrangian that describes the couplings of the heavy quark and
antiquark fields (ψ, χ) to gluon fields; they are written as an expansion in powers 1/mQ. The NRQCD
Lagrangian density can be written generically as
LNRQCD = Llight + Lψψ + Lχχ + Lψψχχ + · · · , (42)
where Llight collects the contributions containing only soft and ultrasoft light-quark and gluon fields.
Let us start discussing the quadratic terms in (ψ, χ); they are of the form
Lψψ =
∑
n
Cn ψ
†(x)
On(x)
mnQ
ψ(x)
= L(0)ψψ + L(1)ψψ + L(2)ψψ + · · · , (43)
with the On built from gluon fields, their derivatives with respect to time and space coordinates and
contractions with spin matrices ~σ. The Lagrangian Lχχ is of same form as Eq. (43), but with ψ → χ
and a global sign change in some of the terms due to charge-conjugation symmetry. In addition, the
· · · in Eq. (42) include pure-gluon terms and of course multiquark interactions, beyond the four-quark
term. The mass dimension of fermion fields is [ψ] = [χ] = 3/2. The factors of mQ are introduced
in order the coefficients Cn be dimensionless. Since [L] = 4, therefore [On] = n + 1. The coefficients
Cn are functions of αs, the quark mass mQ and a regularization cutoff like the scale µ of dimensional
regularization; they are determined by a matching procedure: this amounts to calculating a low-energy
heavy-quark on-shell scattering amplitude in NRQCD at a given order in αs and up to some order in
the small parameter expansion v, and equating the result to the same calculation in full QCD at some
matching scale, e.g. at µ = mQ. That perturbation theory can be used follows from the fact that
corrections to the coefficients from quantum fluctuations are from short-distances.
To build gauge-invariant expressions, one can use the covariant derivatives, written as Hermitean
operators as iDt = i∂/∂t − gA0, i ~D = i~∇ + g ~A. Whenever convenient, one can use the relation of
the covariant derivatives to the color electric and magnetic fields: Ei = Gi0 = −(i/g)[Dt, Dj] and
Bi = ijkGjk = (i/g)
ijk [Dj, Dk]. Their mass dimensions are [Dt] = [ ~D] = 1, and [ ~E] = [ ~B] = 2. One
last ingredient in the construction of the effective Lagrangian is field redefinition, in that some terms in
On that are in principle allowed by the symmetries can be eliminated by redefining the fields [55] —for
a very recent discussion on field redefinitions in EFTs, see Ref. [56]. Table 2 summarizes the dimensions
and transformation properties under P and T of all the building blocks.
Table 2: Mass dimension and transformation properties under parity P and time-reversal T of the basic
quantities used to build the Lagrangian of NRQCD.
iDt i ~D ~E ~B ~σ
Mass dim. 1 1 2 2 0
P + − − + +
T + − + − −
Starting with the lowest-dimension operator O0, one has two operators that can be used: mQ and
iDt. The first can be eliminated by using the field redefinition ψ → eimQtψ; the presence of such a term
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would spoil the power-counting scheme in 1/mQ. What remains is then the second operator, leading
to C0 ψ
†(x) iDt ψ(x). To obtain the canonical i∂/∂t term in the equation of motion for ψ (i.e. the
Schro¨dinger equation), one needs to choose C0 = 1. Therefore, the zeroth-order Lagrangian is given by
L(0)ψψ = ψ†(x) iDt ψ(x). (44)
The Lagrangian L(0)χχ is of the same form as this with ψ → χ.
At the next order, there are in principle three terms of dimension 2 contributing to O1: (iDt)
2,
and terms proportional to the product of iDi and iDj. The first leads to an interaction of the form
C1ψ
†(iDt)2ψ. This term can be eliminated by using the field redefinition ψ → ψ − C1(iDt/2mQ)ψ, as
can be verified very easily. To obtain an Hermitean operator, the iDi and iDj must be combined in the
form of a commutator i[iDi, iDj] or anticommutador {iDi, iDj}; these must be contracted with σi, δij
and ijk to obtain operators respecting rotational and T symmetries. Since the commutator gives the
magnetic field, one can write the first-order Lagrangian as
L(1)ψψ = ψ†(x)
 ~D2
2mQ
+ cF g
~σ · ~B
2mQ
ψ(x), (45)
where we used the fact the coefficient of the first term in equal to unity [55] and the index F in cF
stands for Fermi, motivated by the equivalent term that gives the Fermi hyperfine splitting in QED [57].
L(1)χχ is of the same form but with an overall minus sign multiplying both terms.
Construction of O2 is also straightforward, though a bit more involved [54]. We will not use them
here, but they are given next for completeness [58]:
L(2)ψψ = ψ†(x)
cDg
(
~D · ~E − ~E · ~D
)
8m2Q
+ cSg
i~σ ·
(
~D × ~E − ~E × ~D
)
8m2Q
ψ(x), (46)
where here D and S in cD and cS stand for Darwin and spin-orbit. L(2)χχ is the same as this with ψ → χ.
The coefficients cs and cF are related to each other by [55] cS = 2cF − 1.
From dimensional analysis, one has that the four-fermion contact interaction terms Lψψχχ demand
a factor 1/m2Q to obtain a dimensionless coefficient; we write these constact interactions as [59]:
Lψψχχ = dss
m2Q
ψ†(x)ψ(x)χ†(x)χ(x) +
dsv
m2Q
ψ†(x)~σψ(x) · χ†(x)~σχ(x)
+
dvs
m2Q
ψ†(x)T aψ(x)χ†(x)T aχ(x) +
dvv
m2Q
ψ†(x)T a~σψ(x) · χ†(x)T a~σχ(x). (47)
We refer to Ref. [55] for a complete list of operators up to 1/m3Q in the NRQCD Lagrangian.
As mentioned previously, the dimensionless parameters cF , cD, dss, · · · are determined by a matching
procedure. The factors of 2 and 8 in Eqs. (46) and (46) were introduced to reproduce tree-level matching,
so that a generic coefficient is given as Cn ∼ 1+O(αs) when loop corrections are calculated. As examples,
we quote the O(αs) expressions for the coefficients of the bilinear terms, determined in Ref. [55] by using
dimensional regularization
cF = 1 +
αs
2pi
(CA + CF ) , cD = 1 +
αs
2pi
CA, (48)
where CF = 4/3 and CA = 3 are the eigenvalues in the fundamental representation of the SU(3)
Casimir operators. The four-fermion contact interactions were calculated at O(α2s) in Ref. [59], also in
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dimensional regularization:
dss =
2
3
CF
(
CA
2
− CF
)
α2s, dsv = CF
(
CA
2
− CF
)
α2s,
dvs =
(
4
3
CF +
11
12
CA
)
α2s, dvv =
(
2CF − 1
4
CA
)
α2s. (49)
In the above, we have chosen the matching scale to be µ = mQ.
It is important to note that we have not written down the contributions of the light quark degrees
in the above. They, of course, cannot be neglected in any realistic QCD calculation. As we discuss in
the next section, in some applications their contributions to quarkonium properties can be introduced
by coupling the nonrelativistic field to effective hadron degrees of freedom, like Goldstone boson fields.
NRQCD is rigorously derived from QCD in a systematic manner and has been adapted to lattice
QCD [60], where it has shown to provide an efficient framework for simulating heavy quarks [61]. For
analytical calculations, however, NRQCD still has too many active degrees of freedom, that is, it contains
degrees that never appear as asymptotic states, only through virtual fluctuations. For example, while
the binding energy, the ultrasoft scale, is a property of the asymptotic state, the relative momentum,
the soft scale, is not; they are entangled in NRQCD. This makes difficulties with the power counting,
as discussed in-depth in the reviews in Refs. [52, 62]. The solution within the framework of an EFT is
that if one is interested in physics at the scale of the binding energy, the degrees of freedom at scales
higher than the binding energy should be integrated out. This idea was implemented in Ref. [50] and
further elaborated in Ref. [51]. The resulting EFT is named potential nonrelativistic QCD, pNRQCD,
and will be discussed next.
2.4 Potential nonrelativistic QCD (pNRQCD) and van der Waals forces
pNRQC gives a natural connection of QCD with a nonrelativistic Hamiltonian and the Schro¨dinger
equation and it has proven to provide an adequate framework for describing heavy quarkonium dynam-
ics. Its resemblance to nuclear many-body potential models makes it an adequate starting point for
constructing EFTs for heavy quarkonia in a nuclear medium, particularly when treating nuclei within
an independent-particle approximation.
As discussed in the previous section, the largest scale in a quarkonium bound state is the heavy
quark mass mQ. Other two relevant scales are the relative momentum |~p| ∼ mQv and the relative
kinetic energy E ∼ mQv2, where v is the relative velocity v between Q and Q. These scales must
be compared to ΛQCD, which sets the scale of strong coupling. If one assumes that they satisfy the
following hierarchy
mQ  mQv  mQv2  ΛQCD, (50)
then v ∼ αs and the integration of degrees of freedom at the scale mQv out can be carried out using
perturbation theory. NRQCD can be matched to an EFT whose fields describe the ultrasoft (US) degrees
of freedom. This gives rise to pNRQCD in the weak coupling regime, the matching coefficients being
potentials that depend on the relative coordinate and momentum between Q and Q. Moreover, the
pNRQCD Lagrangian density can be written in terms of color singlet and color octet fields representing
the QQ pair, and fields representing the US gluons and light quarks. We refer the reader to the reviews
in Refs. [52, 62] for the technical aspects involved in the derivations. The QQ fields depend on two
coordinates, which are conveniently chosen to be the center-of-mass ~R and relative ~r coordinates. The
US gauge and light-quark fields depend only on ~R; in practice, this corresponds to a multipole expansion
of the US fields. At leading order in 1/mQ and at O(R) in the multipole expansion, one has that the
action of pNRQCD can be written as [50, 51]
SpNRQCD =
∫
dt d3R LpNRQCD, (51)
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with LpNRQCD given by
LpNRQCD = Llight +
∫
d3r
{
Tr
[
S† (i∂0 − hs) S + O† (iD0 − ho) O
]
+ gVA(r) Tr
[
O†(~r · ~E)S + S†(~r · ~E)O
]
+
g
2
VB(r) Tr
[
O†(~r · ~E)O + O†O(~r · ~E)
]}
, (52)
where S = S(t, ~R,~r) and O = O(t, ~R,~r) are respectively quark-antiquark matrix-valued singlet and
octet fields, normalized with respect to color, S = 1S/
√
Nc and O = T
aOa/
√
TF , with Nc = 3 the
number of colors and TF = 1/2, and hs and ho are the singlet and octet Hamiltonians
hs = −∇r
2
mQ
− ∇R
2
4mQ
+ Vs(r), ho = −∇r
2
mQ
− DR
2
4mQ
+ Vo(r), (53)
and
Vs(r) = −CF αs
r
, Vo(r) =
αs
2Nc
1
r
, VA(r) = VB(r) = 1. (54)
We recall that the light-quark and gauge fields, including those gauge fields in LpNRQCD, are functions
of time and ~R: qi = qi(t, ~R), qi(t, ~R), G
µν = Gµν(t, ~R), ~Ei ≡ Gi0(~R, t), iD0O ≡ i∂0O − g
[
A0(~R, t), O
]
.
At order 1/m2Q there appear retardation terms and spin-dependent potentials, all of them calculable
analytically.
A heavy quarkonium injected in a nucleus at low energies interacts by exchanging gluons with the
light quarks of the nucleons. When this energy is much smaller than the quarkonium binding energy
EB ∼ mQv2 ≈ mQα2s  ΛQCD, the internal structure of the quarkonium is not resolved. Therefore, one
can treat the quarkonium state in terms of an independent color-singlet field. This is equivalent to the
statement that one can integrate out the ultra-soft scale mQα
2
s and match pNRQCD to another EFT
whose degrees of freedom are color-singlet quarkonium states, described by a field generically denoted
by ϕ and gluon fields at the scale ΛQCD [63]. Such an EFT is known as gluonic van der Waals EFT
(gWEFT), the name being motivated by its original construction [63] aiming at deriving long range
color van der Waals interactions in quarkonium-quarkonium interactions. Very recently, gWEFT was
applied in Ref. [64] to the concrete case of the ηb-ηb system. A similar van der Waals EFT was recently
developed in Ref. [65] to describe the low-energy dynamics of an atom pair. In an earlier publication [66],
effective field theory theories were used to treat the electromagnetic scattering of two massive particles,
wherein one particle (or both) is electrically neutral.
Gluons at the scale ΛQCD interact nonperturbatively with quarkonium states and the quarks of
light hadrons. In the case of quarkonium-quarkonium interactions, such ultrasoft (US) gluons can be
hadronized in terms of (pseudo) Goldstone bosons (GB) and gWEFT can be matched to a chiral EFT
whose degrees of freedom are decribed by the ϕ fields and pseudoscalar GB fields [64]. The values
of the couplings of the matching to the chiral EFT can be determined from the anomaly in the trace
of the QCD energy-momentum tensor [18, 19, 20, 21, 22, 23, 24, 67, 68]. Although the quarkonium-
quarkonium interaction is not our focus in this review, we discuss in the following a systematic procedure
for obtaining its long-range van der Waals component by matching gWEFT Lagrangian to a chiral
EFT [64]. Our aim in presenting such a discussion here is twofold. First, to motivate its possible
extension to study quarkonium interactions with light hadrons that couple to pions and other hadronic
degrees of freedom, with couplings fixed phenomenologically or by lattice QCD results [69]. Second,
to emphasize the close connection of such an EFT approach with model calculations of quarkonium
binding in medium using phenomenological Lagrangians; in particular with those based on evaluations
meson-antimeson loop contributions to quarkonium in-medium self-energies that we discuss in sections
ahead [70, 71, 72, 73, 74, 75, 76].
The following discussion is based on the presentation in Ref. [77]; further details can be found in
Ref. [64]. As mentioned above, gWEFT is an EFT at the scale ΛQCD and it is not difficult to convince
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ourselves by using dimensional analysis that its lowest order Lagrangian can be written as (for simplicity
of notation, we omit labels referring to spin and other eventually required quantum numbers):
LgWEFT = Llight + ϕ†(t, ~R)
(
i∂0 − Eϕ +
∇2~R
4mQ
+
1
2
αϕg
2 ~E2 + · · ·
)
ϕ(t, ~R) , (55)
where · · · stands for relativistic kinetic corrections or other higher-order operators coupling ϕ to gluons
and β is the matching coefficient, which is the chromopolarizability of the quarkonium, given by [78,
79, 80]
αϕ = −2V
2
ATF
3Nc
〈ϕ|ri 1
Eϕ − ho r
i|ϕ〉, (56)
with |ϕ〉 being the quarkonium bound-state wave function. If the hierarchy in Eq. (50) is strictly valid,
then, at order 1/mQ and at O(R), |ϕ〉 is an 1S Coulombic state and the polarizability β can be evaluated
in closed form [78, 81]. Note that in Ref. [64] the polarizability is denoted by β. In the evaluation of αϕ,
one inserts a complete set of intermediate states that are eigenstates of the octet Hamiltonian ho(~r).
Since ho(~r) is a repulsive Coulomb potential, the octet intermediate states correspond to Coulombic
continuum eigenstates. A commonly employed approximation [71, 79, 80, 82] in the evaluation of αϕ is
to use plane waves in place of the Coulombic continuum eigenstates. This corresponds to the Nc →∞
limit.
At energies of order mpi  ΛQCD, the relevant degrees of freedom are the quarkonium states and the
pseudo GB and it is natural to integrate out the gluons in favor of pions, and match gWEFT to a chiral
EFT, denoted χEFT , in which the pseudo GB enter as explicit degrees of freedom. Specifically, limiting
the discussion to the case that quarkonium field ϕ is a scalar under chiral symmetry, the interaction
operators with Goldstone bosons can be easily constructed making use as building blocks the unitary
matrix U(x), that parametrizes the Goldstone boson fields and that involving the light-quark masses,
Eqs. (33) and (34). To leading order, the Lagrangian density of χEFT can be written as (we limit the
discussion to the pion sector of the U(x) matrix) [64]
LϕχEFT = ϕ†
(
i∂0 +
∇2
2mϕ
)
ϕ+ LGB + LGB−mq
+
f 2
4
ϕ†ϕ
[
cd0Tr
(
∂0U∂0U
†)+ cdiTr (∂iU∂iU †)+ cmTr (χ†U + χU †)]+ Vcont.(ϕ†, ϕ), (57)
where Vcont.(ϕ
†, ϕ) are ϕ-contact interactions—they do not play any role in the long-distance properties
of the quarkonium-quarkonium interaction in lowest order, although they are needed in the renormal-
ization of ultraviolet divergences coming from chiral loops. The cd0, cdi and cm are matching coefficients
that can be obtained from the matrix element [68]
g2〈pi+(p1)pi−(p2)| ~E2a|0〉 =
8pi2
b
(
κ1E1E2 − κ2 ~p1 · ~p2 + 3m2pi
)
, (58)
where p1 = (E1, ~p1) and p2 = (E2, ~p2) are the pion four-momenta, κ1 = 2 − 9κ/2, κ2 = 2 + 3κ/2,
b = b0/4pi, with b0 given in Eq. (8), and κ ' 0.2, as extracted from pionic transitions of quarkonium
states [68]. More specifically, the matching coefficients can be obtained by equating the amplitudes for
two-pion production calculated in gWEFT and χEFT [64]:
4pi2αϕ
b
(
κ1E1E2 − κ2 ~p1 · ~p2 + 3m2pi
)
= −cd0E1E2 + cdi ~p1 · ~p2 − cmm2pi , (59)
which yields
cd0 = −4pi
2αϕ
b
κ1 , cdi = −4pi
2αϕ
b
κ2 , cm = −12pi
2αϕ
b
. (60)
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Once the matching coefficients appearing in Eq. (57) are determined, one can obtain an effective
potential describing ϕϕ interactions at low momentum transfers. For momentum transfers of the order
of the pion mass, ~kϕϕ ∼ mpi, the relative ϕϕ kinetic energy is much smaller than the pion mass:
~k2ϕϕ/mϕ ∼ m2pi/mϕ  mpi. Under such circumstances, the pions can be integrated out and the ϕϕ
potential appears as a matching coefficient in an effective ϕϕ Lagrangian, the leading order of which
can be written as
Lϕϕ =
∫
d3Rϕ†(t, ~R)
(
i∂0 +
∇2
2mϕ
)
ϕ(t, ~R)
− 1
2
∫
d3Rd3R′ ϕ†(t, ~R)ϕ†(t, ~R′)Wϕϕ(~R, ~R′)ϕ(t, ~R′)ϕ(t, ~R), (61)
where Wϕϕ(~R, ~R
′) contains short- and long-distance contributions. Details on the derivations and
explicit formulae for the pion contribution to W (~R, ~R′) can be found in Ref. [64]; here we simply quote
the final result for its long-distance part (r = |~R1 − ~R2|):
W vdWϕϕ (r) = lim
r1/2mpi
Wϕϕ(r) = −
3(3 + κ2)
2pi3/2α2ϕ
4b2
m9/2pi
r5/2
e−2mpir, (62)
which is identified as a color van der Waals contribution to the ϕϕ interaction. An earlier result derived
in Ref. [67] using a similar method to ours is contained in Eq. (62) if one takes κ2 = 2 in that equation
and also neglects contributions proportional to m2pi in the expression coming from the trace anomaly,
Eq. (58). Neglecting such terms does not change the functional dependence on r and mpi of W
vdW
ϕϕ (r),
but does make it weaker by a factor of 16/25. Explicit numerical results for the case of the ηb-ηb system
are presented in Ref. [64]. In particular, for future reference, we mention that the numerical value for
the polarizability of ηb, for a bottom mass of mQ = 5 GeV, was obtained to be
αηb = 0.50
+0.42
−0.38 GeV
−3 . (63)
where the central value refers to αs(1.5 GeV) = 0.35, the largest to αs(2 GeV) = 0.3 and the smallest
to αs(1 GeV) = 0.5. We mention that the effect of using continuum Coulomb wave functions instead
of plane waves [71, 79, 80, 82] in the evaluation of the integral in Eq. (56) is to increase αηb by at
most 5% [64, 77].
The results show very clearly that as the attraction from the Coulomb potential weakens, the polar-
izability increases. This is because the size of the color charge distribution increases. One consequence
of the larger value of the polarizability is that the van der Waals interaction becomes stronger. Excited
quarkonia states are expected to have larger polarizabilities and therefore interact with stronger van
der Waals forces. On the other hand, a calculation of αϕ for such states with Eq. (56) might not be
reliable, as excited states of charmonia or bottomonia are not Coulomb bound states and, most likely,
nonperturbative physics plays an important role in the determination of the polarizability of such states.
It is remarkable that one is able to derive from QCD an analytic expression for a hadron-hadron
interaction. One should, however, recall that such a derivation was made possible by assuming the
validity of the hierarchy of scales in Eq. (50). Amongst the most important implications of the hierarchy
is the weakly coupled nature of the quarkonium bound states, which allows the use of perturbation
theory to integrate out the high-energy scales. Now, when the relative position of the scales mQv and
ΛQCD are inverted in Eq. (50), QCD becomes strongly coupled and an entire new strategy is required to
derive EFT for treating low-energy heavy quarkonium interactions. To describe the physics below ΛQCD,
the use of explicit hadronic degrees of freedom is one possibility and hence the appropriate degrees of
freedom in this regime are described by quarkonium singlet fields, (pseudo) Goldstone boson fields and
other hadron fields representing heavy-light mesons and light baryons. An advantage of using explicit
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hadron degrees of freedom is that the correct chiral non-analytic behavior of observables as a function
of the pion mass is obtained more easily [83, 84, 85, 86]. The construction of such an EFT would
need input from phenomenology and lattice QCD simulations to fix parameters [69]. In particular, to
describe e.g. the quarkonium states ηc and J/Ψ, one would need to include in addition to the color
Coulomb potential discussed above, nonperturbative interactions associated with confinement. While
great progress has been achieved recently in constructing such an EFT to describe heavy quarkonium
hybrids by using as degrees of freedom heavy quarks and excited glue degrees of freedom [87], the
treatment of light quarks remains challenging. The use of models is an essential part of contemporary
research in the field. Recent studies of interactions of heavy quarkonia wherein nonperturbative forces
are involved have been conducted in Refs. [88, 89, 90, 91].
In summary, the study of heavy quarkonium in a nucleus requires the use of different pieces of
theoretical tools. The use of EFTs for treating heavy quarkonium states in free space allows us to
constrain many of their properties, but to describe their interactions with light hadrons requires the
use of models. In particular, for making reliable predictions for experimental searches of possible
bound states of heavy quarkonium with atomic nuclei, no matter how well a heavy quarkonium is
understood in free space, one still needs a well-constrained nuclear many-body model. Most of the
predictions presented in this review rely on one of such models, the quark-meson coupling (QMC)
model, a self-consistent quark-based model that has proven to successfully describe a great variety of
nuclear phenomena. The model is particularly suitable, as we discuss in sections ahead, for studying
nuclear binding of the light quarkonium φ and also the η and ω mesons, as well as of heavy-flavored
hadrons, the D and D mesons, and Λc and Λb baryons. The foundations of QMC model and its
predictions for hadron properties in medium are the subject of the next section.
3 Quark-meson coupling (QMC) model
In this section we briefly review the quark-meson coupling (QMC) model, the quark-based model for
nuclear matter and finite nuclei invented by Guichon [92] and further developed and applied to finite
nuclei in Ref. [93].
Many nuclear phenomena now seem to indicate that the traditional approach, omitting any consid-
eration of the underlying quark and gluon degrees of freedom, may have its limitations, and suggest a
need for subnucleonic and subhadronic degrees of freedom. There is no doubt that hadrons consist of
quarks, antiquarks and gluons and that they can respond to the environment and change their character
in matter. The basic working hypothesis and assumption of the QMC model is that quarks play an
important role in nuclei and nuclear matter.
Based on the QMC model, various nuclear phenomena have been successfully studied [94] starting
at the quark level, using a self-consistent model for nuclear physics. Although there are many kinds of
relativistic mean-field theory for nuclear physics, very few are built from the quark level. We emphasise
especially the wide success of the QMC model which has been applied systematically to many nuclear
phenomena. Specially relevant for the present review, are nuclear bound states of heavy and light
quarkonium and light hadrons, and heavy-baryon hypernuclei. The model incorporates explicit quark
degrees of freedom into nuclear many-body systems. It is shown that at the hadronic level, it is certainly
possible to cast the QMC model into a form similar to that of a quantum hadrodynamics (QHD) [95, 96],
or a similar type of mean-field model by re-defining the scalar field. However, at the same time, the
QMC model can describe how the internal structure of hadrons changes in a nuclear medium. That
is the greatest advantage of the QMC model and it has opened a tremendous number of new lines of
investigation.
Since the discovery of QCD as the fundamental theory of the strong interaction, numerous attempts
have been made to derive the nuclear force within quark models. The QMC model stands between the
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traditional meson-exchange picture and the hard core quark models, namely, it is a mean-field model
in the sense of QHD but with the couplings of σ and ω mesons to confined quarks, rather than to
the point-like nucleon. After a considerable amount of work, one finds that the effect of the internal,
quark structure of the nucleon is absorbed into the scalar polarizability in the effective nucleon mass in
matter. It is the dependence of the scalar polarizability on the scalar field in matter (or it is numerically
equivalent to the dependence on nuclear density) that is the heart of the QMC model and leads to the
novel saturation mechanism of the binding energy of nuclear matter as a function of density.
Because the scalar polarizability plays such an important role in the QMC model, it is of great
interest to study whether the dependence of the scalar polarizability on the scalar field can be extracted
from the fundamental theory, i.e., QCD. In Ref. [97], it is shown that the remarkable progress in
resolving the problem of chiral extrapolation of lattice QCD data gives one confidence that the pion
loop contributions are under control. In the case of the nucleon, one can then use this control to
estimate the effect of applying a chiral invariant scalar field to the nucleon, i.e., to estimate the scalar
polarizability of the nucleon. The resulting value is in excellent agreement with the range found in the
QMC model, which is vital to describe many phenomena in nuclear physics. Thus, in a very real sense,
the results presented in Ref. [97] provide a direct connection between the growing power to compute
hadron properties from QCD itself and fundamental properties of atomic nuclei. Further work in this
direction is certainly necessary.
3.1 Nuclear matter and finite (hyper)nucleus
Using the Born-Oppenheimer approximation, a relativistic Lagrangian density which gives the same
mean-field equations of motion for a nucleus or a hypernucleus, in which the quasi-particles moving in
single-particle orbits are three-quark clusters with the quantum numbers of a strange, charm or bottom
hyperon or a nucleon, when expanded to the same order in velocity, is given by QMC [93, 94, 98, 99,
100, 101]:
LYQMC = LNQMC + LYQMC , (64)
LNQMC ≡ ψN(~r)
[
iγ · ∂ −m∗N(σ)− ( gωω(~r) + gρ
τN3
2
b(~r) +
e
2
(1 + τN3 )A(~r) )γ0
]
ψN(~r)
−1
2
[(∇σ(~r))2 +m2σσ(~r)2] +
1
2
[(∇ω(~r))2 +m2ωω(~r)2]
+
1
2
[(∇b(~r))2 +m2ρb(~r)2] +
1
2
(∇A(~r))2, (65)
LYQMC ≡ ψY (~r)
[
iγ · ∂ −m∗Y (σ)− ( gYω ω(~r) + gYρ IY3 b(~r) + eQYA(~r) )γ0
]
ψY (~r),
(Y = Λ,Σ0,±,Ξ0,+,Λ+c ,Σ
0,+,++
c ,Ξ
0,+
c ,Λb), (66)
where, for a normal nucleus, LYQMC in Eq. (64), namely Eq. (66) is not needed. In the above ψN(~r) and
ψY (~r) are respectively the nucleon and hyperon (strange, charm or bottom baryon) fields. The mean
meson fields represented by, σ, ω and b which are directly coupled to the quarks self-consistently, are
the scalar-isoscalar, vector-isoscalar and third component of vector-isovector fields, respectively, while
A stands for the Coulomb field. When we consider the situation where a hadron h is embedded in a
nucleus or in nuclear matter, we may add the corresponding Lagrangian Lh instead of LYQMC .
In an approximation where the σ, ω and ρ mean fields couple only to the u and d light quarks,
the coupling constants for the hyperon are obtained as gYω = (nq/3)gω, and g
Y
ρ ≡ gρ = gqρ, with nq
being the total number of valence light quarks in the hyperon Y , where gω and gρ are the ω-N and
ρ-N coupling constants. IY3 and QY are the third component of the hyperon isospin operator and
its electric charge in units of the proton charge, e, respectively. The field dependent σ-N and σ-Y
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coupling strengths respectively for the nucleon N and hyperon Y , gσ(σ) ≡ gNσ (σ) and gYσ (σ), appearing
in Eqs. (65) and (66), are defined by
m∗N(σ) ≡ mN − gσ(σ)σ(~r), (67)
m∗Y (σ) ≡ mY − gYσ (σ)σ(~r), (68)
where mN (mY ) is the free nucleon (hyperon) mass. Note that the dependence of these coupling
strengths on the applied scalar field (σ) must be calculated self-consistently within the quark model [92,
93, 94, 98, 99, 100, 101, 102]. Hence, unlike quantum hadrodynamics (QHD) [95, 96], even though
gYσ (σ)/gσ(σ) may be 2/3 or 1/3 depending on the number of light quarks nq in the hyperon in free
space, σ = 0 (even this is true only when their bag radii in free space are exactly the same), this will
not necessarily be the case in a nuclear medium.
The Lagrangian density Eq. (64) [or (65) and (66)] leads to a set of equations of motion for the finite
(hyper)nuclear system:
[iγ · ∂ −m∗N(σ)− ( gωω(~r) + gρ
τN3
2
b(~r) +
e
2
(1 + τN3 )A(~r) )γ0]ψN(~r) = 0, (69)
[iγ · ∂ −m∗Y (σ)− ( gYω ω(~r) + gρIY3 b(~r) + eQYA(~r) )γ0]ψY (~r) = 0, (70)
(−∇2r +m2σ)σ(~r) = −
[
∂m∗N(σ)
∂σ
]
ρs(~r)−
[
∂m∗Y (σ)
∂σ
]
ρYs (~r),
≡ gσCN(σ)ρs(~r) + gYσ CY (σ)ρYs (~r), (71)
(−∇2r +m2ω)ω(~r) = gωρB(~r) + gYω ρYB(~r), (72)
(−∇2r +m2ρ)b(~r) =
gρ
2
ρ3(~r) + g
Y
ρ I
Y
3 ρ
Y
B(~r), (73)
(−∇2r)A(~r) = eρp(~r) + eQY ρYB(~r), (74)
where, ρs(~r) (ρ
Y
s (~r)), ρB(~r) = ρp(~r)+ρn(~r) (ρ
Y
B(~r)), ρ3(~r) = ρp(~r)−ρn(~r), ρp(~r) and ρn(~r) are the nucleon
(hyperon) scalar, nucleon (hyperon) baryon, third component of isovector, proton and neutron densities
at the position ~r in the (hyper)nucleus. On the right hand side of Eq. (71), −[∂m∗N(σ)/∂σ] ≡ gσCN(σ)
and −[∂m∗Y (σ)/∂σ] ≡ gYσ CY (σ), where gσ ≡ gσ(σ = 0) and gYσ ≡ gYσ (σ = 0). At the hadronic level, the
entire information on the quark dynamics is condensed into the effective couplings CN,Y (σ) of Eq. (71),
which are characteristic new features of QMC. Furthermore, when CN,Y (σ) = 1, which corresponds to
a structureless nucleon or hyperon, the equations of motion given by Eqs. (69)-(74) can be identified
with those derived from QHD [95, 96].
We note here that, for the Dirac equation Eq. (70) for Y = Λc,b baryons to be discussed in section 7.2,
the effects of Pauli blocking at the quark level is introduced by adding a repulsive potential. This is
the same as that used for the strange Λ-hyperon case. This was extracted by the fit to the Λ- and
Σ-hypernuclei taking into account the ΣN − ΛN channel coupling [99]. The modified Dirac equation
for the Y = Λc,b is,
[iγ · ∂ −MY (σ)− (λY ρB(~r) + gYω ω(~r) + gρIY3 b(~r) + eQYA(~r) )γ0]ψY (~r) = 0, (75)
where ρB(~r) is the baryon density at the position ~r in the Λc,b-hypernucleus. The value of λY = λc,b
is 60.25 MeV (fm)3. The details about the effective Pauli blocking at the quark level can be found in
Refs. [94, 99].
The effective mass of the nucleon N and hyperon Y are calculated by Eq. (88) to be shown later, by
replacing h → N , and h → Y , respectively. The explicit expressions for CN,Y (σ) ≡ SN,Y (σ)/SN,Y (0),
are related by,
∂m∗N,Y (σ)
∂σ
= −nqgqσ
∫
bag
d~y ψq(~y)ψq(~y) ≡ −nqgqσSN,Y (σ) = −
∂
∂σ
[
gN,Yσ (σ)σ
]
, (76)
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where gqσ is the light-quark-σ coupling constant. By the above relation, we may define the σ-N and
σ-Y coupling constants:
gN,Yσ = nqg
q
σSN,Y (0). (77)
Note that, the same as that for CN,Y (σ), SN(0) and SY (0) values are different, because the ground
state light quark wave functions in the nucleon N and hyperon Y are different in vacuum as well as in
medium. (That is, the bag radii of the N and Y are different in vacuum as well as in medium.)
In the calculations summarised here the parameters which are used for the study of infinite nuclear
matter and finite nuclei [98], are mω = 783 MeV, mρ = 770 MeV, mσ = 418 MeV and e
2/4pi =
1/137.036. The corresponding meson-nucleon coupling constants are given in next subsection.
3.2 Hadron masses in nuclear matter
Below we consider the rest frame of infinitely large symmetric nuclear matter, a spin and isospin
saturated system with only strong interactions. To do so, one first keeps only LNQMC in Eq. (64), or
correspondingly drops all the quantities with the super- and under-script Y , and set the Coulomb field
A(~r) = 0 in Eqs. (69)-(74). Next one sets all the terms with any derivatives of the density to be zero.
Then, within Hartree mean-field approximation, the nuclear (baryon), ρB, and scalar, ρs, densities are
respectively given by,
ρB =
4
(2pi)3
∫
d~k θ(kF − |~k|) = 2k
3
F
3pi2
, (78)
ρs =
4
(2pi)3
∫
d~k θ(kF − |~k|) m
∗
N(σ)√
m∗2N (σ) + ~k2
. (79)
Here, m∗N(σ) is the value (constant) of the effective nucleon mass at the given density (see also Eq. (67))
and kF the Fermi momentum. In the standard QMC model [92, 94], the MIT bag model is used for
describing nucleons and hyperons (hadrons). The use of this quark model is an essential ingredient for
the QMC model, as similar results can be obtained using the Nambu–Jona-Lasinio model [102] or a
constituent quark model [103].
Then, the Dirac equations for the quarks and antiquarks in nuclear matter, in bags of hadrons, h,
(q = u or d, and Q = s, c or b, hereafter) neglecting the Coulomb force in nuclear matter, are given by
(|x| ≤ bag radius) [100, 104, 105, 106, 107]:
[
iγ · ∂x − (mq − V qσ )∓ γ0
(
V qω +
1
2
V qρ
)](
ψu(x)
ψu(x)
)
= 0, (80)
[
iγ · ∂x − (mq − V qσ )∓ γ0
(
V qω −
1
2
V qρ
)](
ψd(x)
ψd(x)
)
= 0, (81)
[iγ · ∂x −mQ]ψQ(x) (or ψQ(x)) = 0. (82)
The (constant) mean-field potentials for a bag in nuclear matter are defined by V qσ ≡ gqσσ, V qω ≡ gqωω
and V qρ ≡ gqρb, with gqσ, gqω and gqρ the corresponding quark-meson coupling constants. We assume
SU(2) symmetry, mu,u = md,d ≡ mq,q. The corresponding effective quark masses are defined by,
m∗u,u = m
∗
d,d
= m∗q,q ≡ mq,q − V qσ . In symmetric nuclear matter within Hartree approximation, the
ρ-meson mean field is zero, V qρ = 0 in Eqs. (80) and (81) and we ignore it. (This is not true in a finite
nucleus, even with equal numbers of protons and neutrons, since the Coulomb interactions among the
protons induces an asymmetry between the proton and neutron densities to give ρ3 = ρp − ρn 6= 0.)
The same meson mean fields σ and ω for the quarks in Eqs. (80) and (81), satisfy self-consistently
the following equations at the nucleon level (together with the effective nucleon mass m∗N(σ) of Eq. (67)
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calculated by Eq. (88) below):
ω =
gωρB
m2ω
, (83)
σ =
gσ
m2σ
CN(σ)
4
(2pi)3
∫
d~k θ(kF − |~k|) m
∗
N(σ)√
m∗2N (σ) + ~k2
=
gσ
m2σ
CN(σ)ρs, (84)
where
CN(σ) ≡ −1
gσ(σ = 0)
[∂m∗N(σ)/∂σ] . (85)
Because of the underlying quark structure of the nucleon used to calculate m∗N(σ) in nuclear medium,
CN(σ) decreases significantly as σ increases, whereas in the usual point-like nucleon-based models it is
constant, CN(σ) = 1. It is this variation of CN(σ) (or equivalently dependence of the scalar coupling
on density, gσ(σ)) that yields a novel saturation mechanism for nuclear matter in the QMC model, and
contains the important dynamics which originates in the quark structure of the nucleon and hyperon. It
is this variation through the scalar polarisability which yields three-body or density dependent effective
forces, as has been demonstrated by constructing an equivalent energy density functional [108]. As a
consequence of the derived, nonlinear couplings of the meson fields in the Lagrangian density at the
nucleon (hyperon) and meson level, the standard QMC model yields the nuclear incompressibility of
K ' 280 MeV with mq = 5 MeV. This is in contrast to a naive version of QHD [95, 96] (the point-like
nucleon model of nuclear matter), results in the much larger value, K ' 500 MeV; the empirically
extracted value falls in the range K = 200 − 300 MeV. (See Ref. [109] for a recent, extensive analysis
of this issue.)
Table 3: Current quark masses (input), coupling constants and the bag constant obtained with the
nucleon bag radius RN = 0.8 fm in vacuum.
mu,d 5 MeV g
q
σ 5.69
ms 250 MeV g
q
ω 2.72
mc 1300 MeV g
q
ρ 9.33
mb 4200 MeV B
1/4 170 MeV
Once the self-consistency equation for the σ field, Eq. (84), has been solved, one can evaluate the
total energy per nucleon:
Etot/A =
4
(2pi)3ρ
∫
d~k θ(kF − |~k|)
√
m∗2N (σ) + ~k2 +
m2σσ
2
2ρ
+
g2ωρ
2m2ω
. (86)
We then determine the coupling constants, gσ and gω, so as to fit the binding energy of 15.7 MeV at the
saturation density ρ0 = 0.15 fm
−3 (k0F = 1.305 fm
−1) for symmetric nuclear matter. The determined
quark-meson coupling constants, and the current quark mass values used are listed in Tab. 3. The
coupling constants at the nucleon level are g2σ/4pi = 3.12, g
2
ω/4pi = 5.31 and g
2
ρ/4pi = 6.93. (See
Eq. (77).)
We show in Fig. 1 the modulus of the binding energy per nucleon Etot/A−mN (left panel) and the
effective nucleon mass, m∗N (right panel) obtained using the determined quark-meson coupling constants.
The corresponding mean field potentials felt by the light quarks, V qω and V
q
σ , are shown in Fig. 2.
In the following, let us consider the situation that a hadron h is immersed in nuclear matter. The
normalized, static solution for the ground state quarks or antiquarks with flavor f in the hadron hmay be
written, ψf (x) = Nfe
−if t/R∗hψf (~r), where Nf and ψf (~r) are the normalization factor and corresponding
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Figure 1: Negative of the binding energy per nucleon for symmetric nuclear matter, (Etot/A) − mN ,
v.s. ρB/ρ0 (ρ0 = 0.15 fm
−3) with the vacuum light quark mass mq = mq = 5 MeV (q = u, d),
calculated using the QMC model (left panel), as well as the effective nucleon mass m∗N (right panel).
The incompressibility K obtained is K = 279.3 MeV.
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Figure 2: Light quark potentials.
spin and spatial part of the wave function. The bag radius in medium for hadron h, denoted R∗h, is
determined through the stability condition for the mass of the hadron against the variation of the bag
radius [92, 94, 93, 98] (see also Eq. (88)). The eigenenergies in units of 1/R∗h are given by,(
u
u
)
= Ω∗q ±R∗h
(
V qω +
1
2
V qρ
)
,
(
d
d
)
= Ω∗q ±R∗h
(
V qω −
1
2
V qρ
)
, Q = Q = ΩQ. (87)
The hadron masses in a nuclear medium m∗h (free mass will be denoted by mh), are calculated by
m∗h =
∑
j=q,q,Q,Q
njΩ
∗
j − zh
R∗h
+
4
3
piR∗3h B,
∂m∗h
∂Rh
∣∣∣∣∣
Rh=R
∗
h
= 0, (88)
where Ω∗q = Ω
∗
q = [x
2
q + (R
∗
hm
∗
q)
2]1/2 (q = u, d), with m∗q = mq−gqσσ, Ω∗Q = Ω∗Q = [x2Q + (R∗hmQ)2]1/2 (Q =
s, c, b), and xq,Q are the bag eigenfrequencies. B is the bag constant, nq(nq) and nQ(nQ) are the lowest
mode quark (antiquark) numbers for the quark flavors q and Q in the hadron h, respectively, while zh
parametrizes the sum of the center-of-mass and gluon fluctuation effects, which (following Ref. [93])
are assumed to be independent of density. Concerning the sign of m∗q in nuclear medium, it reflects
nothing but the strength of the attractive scalar potential as in Eqs. (80) and (81), and thus naive
interpretation of the mass for a (physical) particle, which is positive, should not be applied. The
parameters are determined to reproduce the corresponding masses in free space. The quark-meson
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coupling constants, gqσ, g
q
ω and g
q
ρ, have been already determined. Exactly the same coupling constants,
gqσ, g
q
ω and g
q
ρ, are used for the light quarks in the mesons and baryons as in the nucleon. (See Tab. 3.)
However, in studies of the kaon system, we found that it was phenomenologically necessary to
increase the strength of the vector coupling to the non-strange quark in the K+ (by a factor of 1.42, i.e.,
gqKω ≡ 1.42gqω) in order to reproduce the empirically extracted repulsive K+-nucleus interaction [104].
This may be related to the fact that kaon is a pseudo-Goldstone boson, where treatment of the Goldstone
bosons in a naive quark model should not be expected to be satisfactory. We also discuss this possibility,
gqω → 1.42gqω, for the D- and D-meson nuclear bound states [107] in subsection 7.1. The scalar (V hs )
and vector (V hv ) potentials felt by the hadrons h, in nuclear matter are given by,
V hs = m
∗
h −mh, (89)
V hv = (nq − nq)V qω + Ih3 V qρ , (V qω → 1.42V qω forK,K), (90)
where Ih3 is the third component of isospin projection of the hadron h. Thus, the vector potential felt
by a heavy baryon with a charm or bottom quark, is equal to that of the hyperon with the same light
quark configuration in QMC.
In Tab. 4 we present the input (vacuum masses mh) bag parameters zh, and the bag radius obtained
in vacuum (at ρ0 = 0.15 fm
−3) Rh (R∗h) for various hadrons. Note that the bag radius in vacuum for
the nucleon, RN = 0.8 fm is the input. For a more recent study of the η-η
′ system, which takes into
account the role of the UA(1) axial anomaly, we refer to Refs. [46, 47, 48].
Table 4: The bag parameters, various hadron masses and the bag radii in free space [at normal nuclear
matter density, ρ0 = 0.15 fm
−3] zh, Rh and mh [m∗h and R
∗
h]. mh and RN = 0.8 fm in free space are
inputs. Note that the quantities for the physical ω, φ, η and η′ are calculated including the octet-singlet
mixing effect (see subsection 6.1), and that ω and ρ below stand for the physical particles, and are
different from those appearing in the Lagrangian density of QMC.
h zh mh (MeV) Rh (fm) m
∗
h (MeV) R
∗
h (fm)
N 3.295 939.0 0.800 754.5 0.786
Λ 3.131 1115.7 0.806 992.7 0.803
Σ 2.810 1193.1 0.827 1070.4 0.824
Ξ 2.860 1318.1 0.820 1256.7 0.818
Λc 1.766 2284.9 0.846 2162.5 0.843
Σc 1.033 2452.0 0.885 2330.2 0.882
Ξc 1.564 2469.1 0.853 2408.0 0.851
Λb -0.643 5624.0 0.930 5502.9 0.928
ω 1.866 781.9 0.753 658.7 0.749
ρ 1.907 770.0 0.749 646.2 0.746
K 3.295 493.7 0.574 430.4 0.572
K∗ 1.949 893.9 0.740 831.9 0.738
η 3.131 547.5 0.603 483.9 0.600
η′ 1.711 957.8 0.760 896.5 0.758
φ 1.979 1019.4 0.732 1018.9 0.732
D 1.389 1866.9 0.731 1804.9 0.730
D∗ 0.849 2000.8 0.774 1946.7 0.772
B -1.136 5279.2 0.854 5218.1 0.852
In Fig. 3 we show ratios of effective masses (free masses + scalar potentials) versus those of the free
particles, for mesons (left panel) and baryons (right panel), respectively. With increasing density the
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Figure 3: Effective mass ratios for mesons (left panel) and baryons (right panel) in symmetric nuclear
matter, where, ρ0 = 0.15 fm
−3. ω and ρ stand for physical mesons which are treated in the quark
model, and should not be confused with the fields appearing in the QMC model.
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Figure 4: Scalar potentials for various hadrons in nuclear matter, where, ρ0 = 0.15 fm
−3. (See also
caption of Fig. 3.)
ratios decrease as usually expected, but the magnitude of this reduction is reduced as we move from
hadrons with only light quarks to those with one strange quark, with one charm quark, and with one
bottom quark. This is because their masses in free space are in the order from light to heavy. Thus, the
net ratios for the decrease in masses (developing of scalar masses) compared to that of the free masses
becomes smaller. In Fig. 3 one may notice the somewhat anomalous behavior of the ratio for the kaon
(K). This is related to what we meant by the pseudo-Goldstone boson nature, i.e., its mass in free
space is relatively light, mK ' 495 MeV, and the relative ratio for the reduction in mass in a nuclear
medium is large.
Probably it is simpler and clearer to compare the scalar potentials felt by each hadron in nuclear
matter. Calculated results are shown in Fig. 4. From the results one can confirm that the scalar
potential felt by the hadron h, V hs , follows a simple light quark number scaling rule:
V hs '
nq + nq
3
V Ns , (91)
where nq (nq) is the number of light quarks (antiquarks) in the hadron h, and V
N
s is the scalar potential
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Table 5: The slope parameters, aB (B = N,Λ,Σ,Ξ,Λc,Σc,Ξc,Λb).
aB ×10−4 MeV−1 aB ×10−4 MeV−1
aN 8.8 aΛb 10.9
aΛ 9.3 aΛc 9.8
aΣ 9.5 aΣc 10.3
aΞ 9.4 aΞc 9.9
felt by the nucleon. It is interesting to notice that baryons with a charm and a bottom quark (Ξc is
a quark configuration, qsc), show very similar features to those of hyperons with one or two strange
quarks.
It has been found that the function CB(σ)(B = N,Λ,Σ,Ξ,Λc,Σc,Ξc,Λb) (see Eq. (76) and two lines
above), can be parameterized as a linear form in the σ field, gσσ, for practical calculations [93, 98, 99,
100, 101]:
CB(σ) = 1− aB × (gσσ), (B = N,Λ,Σ,Ξ,Λc,Σc,Ξc,Λb). (92)
The values obtained for aB are listed in Tab. 5. This parameterization works very well up to about
three times of normal nuclear matter density 3ρ0. Then, the effective masses for the baryons, B, in
nuclear matter are well approximated by:
m∗B ' mB −
nq
3
gσ
[
1− aB
2
(gσσ)
]
σ, (B = N,Λ,Σ,Ξ,Λc,Σc,Ξc,Λb), (93)
with nq the number of light quarks in the baryon B.
4 Nuclear-bound ηc and J/Ψ
As remarked in the Introduction, the mean fields generated by light meson exchange, which provide
a natural explanation of the binding of atomic nuclei, cannot bind heavy cc (or bb) quarkonia. Their
interactions with the medium necessarily involve other mechanisms, including those based on mutigluon-
gluon exchange [79, 110, 112] and excitation of charmed hadronic intermediate states with light quarks
created from the vacuum [71, 72, 73, 74, 75]. Reference [68] presents a recent review of the properties
of charmonium states and compiles a fairly complete list of references on theoretical studies concerning
a great variety of physics issues related to these states. On the experimental side, one of the major
challenges is to find appropriate kinematical conditions to produce these hadrons essentially at rest,
or with small momentum relative to the nucleus, as effects of the nuclear medium are driven by low
energy interactions. The studies of in-medium charmonia present advantages compared to those of the
φ-meson, to be discussed in section 5. First, they have a very small decay width in vacuum, and they are
expected to have a small width in a nucleus too. Second, since they are heavier than the φ-meson, they
are expected to move slower than the φ-meson once produced near threshold in a nucleus. Therefore,
one can hope that they can form nuclear bound states more easily than the φ-meson.
Since the earlier suggestion [110, 111] that heavy charmonia states may form bound states with
nuclei, a large literature on this subject has accumulated along the years. Many different methods
have been used to investigate the possible existence of such exotic states. These include QCD-based
approaches, the most prominent examples being calculations based on the color polarizability of quarko-
nium [68, 71, 82, 112, 113, 114, 115], QCD sum rules [116, 117, 118], meson loops [71, 72, 73, 74, 75],
phenomenological approaches [119, 120], and, more recently, lattice QCD simulations [121, 122].
Knowledge of the low-energy quarkonium-nucleon interaction in free space is an important input
for the study of quarkonium binding to nuclei. As for now, there is no direct experimental information
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on the interaction of heavy quarkonium with the nucleon; practically all of our knowledge on this
interaction comes from lattice QCD simulations. All available lattice results on quarkonium-nucleon
interaction [122, 123, 124, 125, 126] indicate that it is attractive and not very strong. The crucial
question is whether the strength is strong enough to form a bound state with the nucleon; if not, the
important issue then becomes whether it is strong enough to bind a quarkonium to a sufficiently large
nucleus.
In this section, we present predictions for ηc and J/Ψ bound states with nuclei of different sizes. We
concentrate on two main approaches to the problem of quarkonium binding to nuclei. One approach is
based on nonrelativistic effective quarkonium-nucleon potentials. Such potentials are either obtained by
making use, in one way or another, of the ideas underlying pNRQCD through the multipole expansion
of color fields and the concept of chromopolarizability of quarkonium, or by fits from lattice QCD
simulations. The other approach considers the self-energy of a charmonium due to DD loops in nuclear
matter. The self-energy depends on the nuclear matter density which, through a local density approach,
provides an effective potential for the charmonium in a finite nucleus.
Both approaches make use in an essential way of the independent-particle nature of the nucleus.
The average baryon number density in the center of a large nucleus is close to the saturation density
of nuclear matter, ρ0 = 0.16 fm
−3 (in QMC ρ0 = 0.15 fm−3 has commonly been adopted); thereby
the average separation distance of two two nearest neighbour nucleons in such a nucleus is dav ∼
ρ−1/3 ∼ 1.8 fm. Taking for the typical size of a nucleon the r.m.s. charge radius of the proton,
rp ≡ 〈r2p〉1/2 ' 0.88 fm ∼ Λ−1QCD, as extracted from measurements of electric form factors in electron-
proton scattering experiments [127], one obtains 2rp ∼ dav. On the other hand, the nucleon-nucleon
interaction has a strong short-range repulsion (hard-core), which prevents substantial superposition of
the quark cores of different nucleons in the nucleus. The interplay between the hard-core repulsion and
the Pauli Exclusion Principle is at the basis of the nuclear shell model [128], in that nucleons move
almost independently from each other with a well-defined angular momentum in an average mean field.
The fact that 2rp ∼ dav does not spoil this picture of the nucleus [129, 130] as being a close-packed
system of nucleons moving almost independently from each other.
4.1 Quarknonium-nucleon potentials
Let us imagine a heavy quarkonium QQ injected with low momentum into a close-packed nucleus.
When the quark mass mQ is large, i.e mQ  ΛQCD, the heavy quarkonium is, as discussed in section 2,
essentially a Coulomb bound state, with a Bohr radius r0 = (mQαs)
−1, with αs = αs(mQ)  1. The
quarkonium interacts by exchanging gluons with the light quarks of the nucleons, the typical wavelengths
of the gluons being λg ∼ rp. For J/Ψ, for example, which is not a Coulomb bound state, potential models
inspired by the Cornell model [131, 132] predict a r.m.s. radius of the order of rJ/Ψ ∼ 0.2 fm  rp.
Therefore, since λg  rJ/Ψ, the J/Ψ in the nucleus behaves like a small color dipole interacting with a
uniform gluon field.
Having such a picture in mind for a quarkonium in a nucleus, one can describe the quarkonium-
nucleus system using standard mean-field techniques of nonrelativistic many-body physics [133]. Given
a nonrelativistic two-body quarkonium-nucleon potential, WϕN , motivated either by a pNRQCD calcu-
lation or by phenomenological fits to lattice results, one can embed such a potential in a nonrelativistic
many-body Hamiltonian of the form
H = HN +HϕN , (94)
where HN contains the kinetic energy of the nucleons and nucleon-nucleon (and multi-nucleon) inter-
actions, and
HϕN =
∫
d3r ϕ†(t, ~r)
(
− 1
2mϕ
∇2
)
ϕ(t, ~r)
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+
∫
d3rd3r′N †(t, ~r)ϕ†(t, ~r ′)WϕN(~r − ~r ′)ϕ(t, ~r ′)N(t, ~r), (95)
where N(t, ~r) and ϕ(t, ~r) are the nucleon and quarkonium nonrelativistic quantum field operators—for
simplicity of presentation, we omit flavor and spin indices. Let {ϕα(~r)} be a complete set of single-
particle states of a quarknonium ϕ, and {Nn(~r)} a corresponding set for the nucleons, where α and n
collect all quantum numbers necessary to specify the corresponding single-particle states. Taking the
expectation value of H in a state with A independent nucleons and one quarkonium and varying the
expectation value with respect to a ϕ∗α(~r), one obtains [133]
− 1
2mϕ
∇2ϕα(~r) +WϕA(~r)ϕα(~r) = αϕα(~r), (96)
where α are the single-particle energy states of a quarkonium in the system, WϕA(~r) is the ϕ-nucleus
mean-field potential, given by
WϕA(~r) =
∫
d3r′WϕN(~r − ~r ′) ρA(~r ′), (97)
with ρA(~r) being the nuclear density
ρA(~r) = 〈A|N †(~r)N(~r)|A〉 =
A∑
n=1
N∗n(~r)Nn(~r). (98)
If one makes the assumption that the quarkonium in the nucleus does not change the density of nucleons,
i.e. that the single-nucleon states are not modified by the interactions of the quarkonium with the
nucleons, we have that, given a nuclear density profile ρA(~r), from a model or from experiment, Eq. (96)
is an ordinary Schro¨dinger equation for a particle ϕ in a potential WϕA(~r).
For nuclei composed of two or three nucleons only, the mean field treatment discussed above is
not appropriate. For those nuclei, few-body methods are required. A few of these include the Green’s
function Monte Carlo, Faddeev-Yakubovsky equations, hyperspherical coordinates, Gaussian-basis vari-
ational, and the stochastic variational methods—Ref. [134] presents a comparison of results obtained
with those methods for four-body nuclei using a particular NN potential. In this review, the smallest
nucleus considered is 4He; although it is a very dense nucleus, the mean field approximation might give
only a first estimate for what one can expect with an accurate few-body calculation. We refer the reader
to the recent review in Ref. [12] for a presentation on the use of Gaussian expansion method [135, 136]
to charmonium binding to two- and four-nucleon nuclei [120]. We also remark that in a mean field
treatment of a many-body system, the center of mass motion is not removed, but for a large nucleus
this is not a severe problem. For 4He we follow the prescription used in the QMC model, where we use
the ϕ-4He reduced mass in Eq. (96) instead of mϕ.
A quarkonium-nucleon potential WϕN(~r) can be constructed from the forward scattering amplitude
of a quarkonium off a nucleon. The scattering amplitude can be written as a product of two terms:
(1) a matrix element of gluon fields in the nucleon state, which can be obtained from the anomaly in
the trace of the QCD energy-momentum tensor [18, 20], and (2) a quarkonium-gluon interaction, which
can be evaluated using the multipole expansion [68, 82, 114, 115], or the operator product expansion
of a current-current correlation function in an one-nucleon state [29], or an effective Lagrangian for
quarkonium-gluon fields [113]. Specifically, the forward elastic ϕN scattering matrix can be evaluated
from the gWEFT Lagrangian in Eq. (55) as the expectation value of the ϕ-gluon term in an one-nucleon
state
AϕN = 1
2
αϕ 〈N |
(
g ~E
)2 |N〉, (99)
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where we use a nonrelativistic normalization for the states |N〉, and the expression for the quarkonium
polarizability β is given in Eq. (56). From Eq. (100), one then has that this corresponds to a scattering
length aϕN given by
1
aϕN = −
(
µϕN
2pi
)
AϕN = −
(
µϕN
4pi
)
αϕ 〈N |
(
g ~E
)2 |N〉. (101)
where µϕN is the reduced mass
µϕN =
mϕmN
mϕ +mN
. (102)
One can obtain an estimate for the the matrix element 〈N |
(
g ~E
)2 |N〉 by relating it to the nucleon mass
via the anomaly in the trace of the energy momentum tensor (in the chiral limit). First, note that [68]:
〈N |
[(
g ~E
)2 − (g ~B)2] |N〉 = −1
2
〈N |g2GaµνGaµν |N〉 =
16pi2
9
mN ≤ 〈N |
(
g ~E
)2 |N〉, (103)
where we used Eq. (26) and the last inequality follows from the fact that 〈N |
(
g ~B
)2 |N〉 ≥ 0. Therefore,
one obtains the following estimate for the scattering length
aϕN ≤ −
(
µϕN
4pi
)
16pi2
9
mNαϕ = −4pimN
9
µϕNαϕ. (104)
This shows that the color polarization force is attractive.
To investigate the binding of ϕ in a nucleus due to such a polarization force one would need a potential
to be used in Eq. (97). Knowledge of the momentum-independent forward scattering amplitude AϕN
is not enough for constructing such a potential. One can, however, construct a ϕN contact interaction,
which we denote by W polϕN (~r), that reproduces that forward scattering amplitude; namely:
W polϕN (~r) =
4pi
2µϕN
aϕN δ(~r) = −8pi
2
9
mNαϕ δ(~r), (105)
where, for definiteness, we have taken the equality in Eq. (104). Using this into Eq. (97), one obtains
for the ϕ-nucleus potential due to the color polarizability force the following expression:
W polϕA (~r) =
4pi
2µϕN
aϕN ρA(~r) = −8pi
2
9
mNαϕ ρA(~r). (106)
Although the full ϕN potential is of finite range and includes a long-range tail of the form of a van der
Waals force, this interaction already provides interesting insight into the problem of quarkonium binding
to nuclei. It is clear that the strength of the polarization force in Eq. (106) is controlled by the value
of the polarizability αϕ. The estimates in Refs. [68, 115] find that the binding energy of J/Ψ in nuclear
matter (taking ρ0 = 0.17 fm
−3), is 21 MeV for αJ/Ψ = 2 GeV−3, which corresponds to a scattering length
of aJ/ΨN = −0.37 fm. This is a rather strong binding energy on the nuclear scale; recall that the binding
energy of a nucleon in nuclear matter is 16 MeV. On the other hand, a very recent extraction [137]
based on a global fit to both differential and total cross sections from available data on J/Ψ p scattering
1Our conventions for the relationships involving the (on-shell) S−matrix, scattering amplitude A(k), phase shift δ(k),
scattering length a, and effective range re, for s-waves are
S = 1 + i
2µk
2pi
A(k) = e2iδ(k), A(k) = 2pi/µ
k cotan δ(k)− ik , k cotan δ(k) = −
1
a
+
1
2
rek
2 + · · · , (100)
where µ is the reduced mass of the two-body system.
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leads for the spin-averaged J/Ψ p s-wave scattering length the value aJ/Ψ p = −0.046± 0.005 fm, which
is consistent with the value aηcN = −0.05 fm from Ref. [82] but smaller by almost an order of magnitude
than the value estimated in Refs. [68, 115]. A scattering length of aJ/Ψ p = −0.046 fm leads to a J/Ψ
binding energy in nuclear matter (taking ρ0 = 0.17 fm
−3) of 2.7 ± 0.3 MeV, which is of the order of
the deuteron binding energy. Estimates based on lattice hybrid potentials [138] lead to even smaller
values for the strength of the ϕN interaction. Reference [139] investigated the existence of bound
states in elastic and inelastic channels of charmonium-nucleon and bottomonium-nucleon systems using
an extended local hidden gauge formalism and incorporating constraints from heavy quark spin-flavor
symmetry, but no scattering lengths and effective range parameters were provided.
A first estimate on the required attraction to bind a quarkonium to a nucleus can be obtained from
the condition for the existence of a nonrelativistic s-wave bound state of a particle of mass m trapped
in an attractive spherical well of radius R and depth V0 [140]:
V0 >
pi2h¯2
8mR2
. (107)
Taking m = mJ/Ψ and R = 5 fm (radius of a relatively large nucleus), one obtains V0 > 1 MeV. Based
on such an estimate, one may say that the prospects for a quarkonium to form bound states with a
nucleus seem to be very good. Real nuclei, however, have a surface and, as we show shortly, the above
estimate can be quite misleading. A full calculation, using realistic density profiles of nuclei is required
for a more reliable estimate. Single-particle bound-state energies will be presented for a few nuclei in
subsection 4.3
Next, we consider the charmonium-nucleon system from the perspective of the lattice results of
Refs. [125, 126]. Those references present a fit of the lattice data in terms of a finite-range nucleon-
charmonium effective nonrelativistic potential WϕN(~r). In addition, results are presented for ηcN and
J/ΨN scattering lengths and effective range parameters extracted from evaluations of scattering phase
shifts through Lu¨scher’s method [141] adapted to twisted boundary conditions [142]. Most of the results
are from quenched lattice data, but Ref. [126] also presents selected results for the ηcN system using
unquenched lattice data. The quenched results are obtained with a lattice size of L3 × T = 323 × 48
and lattice spacing a ≈ 0.094 fm. The simulations are for three pion masses, mpi = 640, 720, 870 MeV,
which correspond to nucleon massesmN = 1430, 1520, 1700 MeV, quarkonium massesmηc = 2920 MeV
and mJ/Ψ = 3000 MeV. For the J/ΨN system, there are two spin states, spin-1/2 and spin-3/2. The
s-wave scattering lengths found are [126]: (aJ/ΨN)SAV ∼ 0.35 fm > aηcN ∼ 0.25 fm, where SAV means
spin average, with very little dependence on the pion mass within the range of masses used. In addition,
the s-wave effective range re is of similar value for both ηcN and J/ΨN systems, re ∼ 1.0 fm, also with
very little pion mass dependence but with errors of the order of 50%.
The extraction of an effective potential in Refs. [125, 126] is based on the method introduced in
Ref. [143] for the NN interaction. In general terms, an equal-time Bethe-Salpeter amplitude is calcu-
lated on the lattice through nucleon and charmonium interpolators. An appropriate projection with
respect to the discrete elements of cubic rotation group is made to obtain a Bethe-Salpeter wave func-
tion that corresponds in the continuum to an s-wave. The effective charmonium-nucleon potential is
then defined as the equivalent appearing in a Schro¨dinger equation with stationary energy E, namely:
VϕN(r) = EϕN +
1
2µϕN
∇2lattφϕN(r)
φϕN(r)
, (108)
where ∇2latt is a lattice Laplacian and µϕN is the reduced mass of the ϕN two-body system. The fit
provided for the ηcN potential from simulations using mpi = 640 MeV gives a very good fit of the data
in the range r ∼ 0.3 fm to r = 2.5 fm. It is given in the form of a Yukawa potential with a strength γ
and range α:
V fitηcN(r) = −γ
e−αr
r
, (109)
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with γ = 0.1 and α = 0.6 GeV ∼ 3 fm−1. Interestingly, the lattice results for large r cannot be fitted
with a 1/rn falloff, with n > 1, as one would expect from a typical van der Waals force. The authors of
Ref. [126] argue that this might be indication of a screening effect of nonperturbative nature.
As mentioned, the lattice values for the scattering lengths reported in Ref. [126] are extracted from
Lu¨scher’s formula for the phase shifts and, therefore, they contain information on the full ϕN interaction
and not only from the fitting region r ∼ 0.3 fm to r = 2.5 fm. One can assess the importance of the
interaction coming from the region r < 0.3 fm by calculating the scattering length with V fitηcN(r) and
comparing the result with the value from the lattice simulation. One can extract the scattering length
and effective range by calculating the scattering phase shift δ(k) and fitting k cotan δ(k) for small values
of k to the formula given in Eq. (100). To calculate the phase shifts we have used the variable phase
approach [144]. We have calculated the scattering length with the fitted potential given in Eq. (109),
using the lattice values mN = 1430 MeV and mηc = 2920 MeV. We obtained for the s-wave scattering
length aηcN = −0.13 fm, which is smaller by a factor of two in comparison with the value obtained
with Lu¨scher’s formula. For orientation, we mention that in Born approximation, the scattering length
from the Yukawa fit in Eq. (109) is aBorn = −γ (2µηcN/α2) = −0.1 fm. This indicates that the full
ηcN potential receives substantial contributions from relative distances shorter than r < 0.3 fm, i.e.
when the ηc is immersed in the nucleon, a situation resembling very much the hadrocharmonium picture
suggested in Ref. [145]. In this picture, a heavy quarkonium is bound as a compact object within the
volume of a light hadron; in the case the light hadron is a nucleon, the hadrocharmonium would be a
charmed pentaquark. A recent lattice QCD simulation tested this picture with a variety of light quark
hadrons and found binding energies ranging from −1 to −2.5 MeV. The simulations were performed
with pion and kaon masses given by mpi = 223 MeV and mK = 476 MeV, and the charm quark mass
was taken mc = 1269 MeV.
Because the data of Refs. [125, 126] show a very mild pion mass dependence within the range of
masses used in the lattice simulations, the extrapolation of the potential extracted in that references to
physical masses and short distances with the use of a chiral EFT is virtually impossible. In view of this,
here we simply take a phenomenological approach, in that we cut off the lattice potential of Eq. (109)
at some prescribed distance, that we suggestively denote by rvdW, and add to it a constant piece, W0,
which extends from r = 0 to rvdW. The constant potential mimics the feature of the interaction being of
a small color dipole interacting with a uniform gluon field. The value of W0 is fixed by fitting the lattice
value for the scattering length—we make no effort to fit the effective range re due to the large errors
associated with its extraction from the lattice data. For the J/ΨN system we refit W0 to reproduce the
spin-averaged lattice value for aJ/ΨN . Since we are unable to perform an extrapolation of the potentials
to physical masses due to the large pion masses used in the lattice simulations, we simply use the
physical masses of the nucleon and quarkonia in the fitting procedure. Specifically, we write for the full
ϕN potential
W lattϕN (r) = −W0 [1− f(r, rvdW)] + V fitηcN(r) f(r, rvdW), (110)
with a f(r, rvdW) that resembles a step function:
f(r, rvdW) =
1
1 + (rvdW/r)
10 . (111)
To avoid proliferation of uncontrolled parameters, in fitting W0 for the J/ΨN system we use the ηcN
values for γ and α given above. The ϕ−nucleus potential is then obtained by inserting Eq. (110) in
Eq. (97); we denote this potential by W lattϕA (~r)
W lattϕA (~r) =
∫
d3r′W lattϕN (~r − ~r ′)ρA(~r ′). (112)
We have chosen two typical values for rvdW: one is rvdW = 0.3 fm, which corresponds roughly to the
lowest value of r used in the fitting of the lattice data with the Yukawa form V fitηcN(r), and the other is
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rvdW = 0.5 fm, which is a little larger than one half of the radius of the proton. The resulting values for
W0 are shown in Tab. 6; they reveal that as rvdW decreases, W0 must increase to fit the scattering length.
This is expected, as the strength of the Yukawa, γ = 0.1, is not enough to describe the lattice values
of the scattering lengths when rvdW = 0. The values of effective range parameter that are obtained
with W lattϕN (r) for both ηcN and J/Ψ systems are compatible, within errors, with the lattice results. Of
course, by adjusting simultaneously W0 and rvdW, both the scattering length and effective range could
be fitted, but the erros are large for re and there is not much to be gained with a fit to a quantity not
well constrained by data. Given the potential, the important issue is to know how large must a nucleus
be to bind a charmonium. This will be discussed in the first part of subsection 4.3, where we present
numerical results for the ϕ−nucleus potentials and single-particle energy levels.
4.2 J/Ψ self-energy and DD loop
Based on the QMC model explained in section 3, J/Ψ mass shift in nuclear matter and J/Ψ-nucleus
bound states were studied in Refs. [72, 73, 74], using the effective Lagrangian approach with the in-
medium D and D meson masses calculated by the QMC model [94]. In these studies the J/Ψ self-energy
in the intermediate states involved the D,D,D∗ and D∗ mesons. It turned out that the J/Ψ self-energy
has larger contributions from the loops involving the D∗ and D∗ mesons. This is unexpected, since the
mass of the D∗ (D∗) is heavier than that of D (D) by about 140 MeV in vacuum, and the decrease
of the masses in nuclear matter are nearly the same for the D and D∗ mesons [72, 72, 74] (also to be
shown later). Thus, the relative enhancement of these meson loop contributions to the J/Ψ self-energy
in medium should be similar to that in vacuum, or the loop involving only the D∗ and D∗ mesons in
the J/Ψ self-energy is not expected to give a larger contribution than that involving only the D and D
mesons. This is because, between the DD- and D∗D∗-loops, the energy necessary to excite the latter
loop needs, at least twice the mass difference of the D and D∗.
At least two issues may be considered for this unexpected result: (i) coupling constants used for the
J/Ψ-DD∗ and J/Ψ-D∗D∗ were assumed to be the same as that for J/Ψ-DD, and (ii) ambiguity in the
effective Lagrangian adopted. Considering these, we have chosen to update [75] our previous works of
the J/Ψ-nucleus bound states [72, 73, 74] in this subsection. Thus, similarly to the φ-meson case to be
discussed in section 5, we update the J/Ψ mass shift and J/Ψ-nuclear bound states including only the
DD-loop for the J/Ψ self-energy.
In Refs. [72, 73, 74] J/Ψ mass shift in nuclear matter was studied based on an effective Lagrangian
approach, including the D,D,D∗ and D∗ mesons in the intermediate states for the J/Ψ self-energy. We
update the results by including only the DD-loop contribution for the J/Ψ self-energy as mentioned
above. We report the updated results for the bound state single-particle energies, by solving the
Schro¨dinger equation for the J/Ψ meson produced nearly at rest. The results for the φ-nuclear bound
Table 6: The value of W0 in Eq. (110) for two values of the cutoff parameter rvdW for the ηcN and
J/Ψ systems. Also shown are the effective range parameters that are obtained with the potential
W lattϕN (r) when the scattering lengths are fitted to the lattice values. Physical masses of the nucleon and
charmonia are used. Units of rvdW and re are fm and of W0 is MeV.
ηcN J/ΨN
rvdW W0 re W0 re
0.3 252 1.4 288 1.2
0.5 74 1.7 95 1.4
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Figure 5: DD-loop contribution to the J/Ψ self-energy.
states to be discussed in section 5, both solving the Klein-Gordon equation and the Schro¨dinger equation,
have proven to be essentially the same. Thus, we solve the Schro¨dinger equation, which makes the
numerical procedure simpler and can compare with the nonrelativistic QCD approach. However the
differences are expected to be even smaller for the results obtained by solving the Klein-Gordon and
Schro¨dinger equations for the J/Ψ meson, since J/Ψ is heavier than φ. Note that, the structure of
heavy nuclei, as well as the medium modification of the D mass (D mass), are explicitly calculated by
using the QMC model [92, 94].
A first estimate for the mass shifts for the J/Ψ meson (and Ψ(3686) and Ψ(3770)) in nuclear medium
including the effects of DD loop in the J/Ψ self-energy – see Fig. 5 – was made in Ref. [71]. Employing a
gauged effective Lagrangian for the coupling of D mesons to the charmonia, the mass shifts were found
to be positive for J/Ψ and ψ(3770), and negative for ψ(3660) at normal nuclear matter density ρ0.
These results were obtained for density-dependent D and D masses that decrease linearly with density,
such that at ρ0 they are shifted by 50 MeV. The loop integral in the self-energy (Fig. 5) is divergent and
was regularized using form-factors derived from the 3P0 decay model with quark-model wave functions
for Ψ and D. The positive mass shift is at first sight puzzling, since even with a 50 MeV reduction of
the D masses, the intermediate state is still above threshold for the decay of J/Ψ into a DD pair and
so a second-order contribution should be negative. However, as we have shown in Ref. [72], this is a
result of the interplay of the form factor used and the gauged nature of the interaction used in Ref. [71].
Focusing on these points, we update the study with the “the gauged term” more in detail. In the same
way as done in Ref. [72], the mass shift of the J/Ψ is estimated, but including only the DD-loop in the
J/Ψ self-energy, using both non-gauged and gauged effective Lagrangians. It turns out that the sign
of the J/Ψ mass shift in nuclear matter due to the DD-loop, depends on the value of the cutoff in the
form factor when the gauged term is employed. Reasonably large cutoff values still give the negative
J/Ψ mass shift when including the gauged term.
We briefly discuss below how the J/Ψ scalar potential (mass shift) is calculated in nuclear matter [72]
with the DD-loop for the J/Ψ self-energy. We use the following phenomenological effective Lagrangian
densities at the hadronic level, which are similar to those to be used for the φ-meson in subsection 5.1,
correspond to replacing ψ → φ, D → K and D → K (in the following we denote by ψ the field
representing J/Ψ):
Lint = LψDD + LψψDD, (113)
LψDD = igψDD ψµ
[
D (∂µD)−
(
∂µD
)
D
]
, (114)
LψψDD = g2ψDDψµψµDD. (115)
Here our convention is
D =
(
D0
D+
)
, D = (D0 D−). (116)
We note that the Lagrangians are an SU(4) extension of light-flavor chiral-symmetric Lagrangians
of pseudoscalar and vector mesons. In the light flavor sector, they have been motivated by a local
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gauge symmetry, treating vector mesons either as massive gauge bosons or as dynamically generated
gauge bosons. Local gauge symmetry implies in the contact interaction in Eq. (115) involving two
pseudoscalar and two vector mesons. In view of the fact that SU(4) flavor symmetry is strongly broken
in nature, and in order to stay as close as possible to phenomenology, we use experimental values for
the charmed meson masses and use the empirically known meson coupling constants. For these reasons
we choose not to use gauged Lagrangians – a similar attitude was followed in Ref. [146] in a study of
hadronic scattering of charmed mesons. However, in order to compare results with Ref. [71] and assess
the impact of a contact term of the form Eq. (115), we also present results for the J/Ψ mass shift
including such a term. More detailed, similar discussions will be made for the φ-meson case, below
Eq. (130) in subsection 5.1. We mention that recent investigations of SU(4) flavor symmetry breaking
in hadron couplings of charmed hadrons to ligth hadrons are not conclusive; while two studies based on
the Dyson-Schwinger equations of QCD find large deviations from SU(4) symmetry [147, 148], studies
using QCD sum rules [149, 150], a constituent quark model [151] and a holographic QCD model [152]
find moderate deviations.
We are interested in the difference of the in-medium, m∗ψ, and vacuum, mψ,
∆mψ = m
∗
ψ −mψ, (117)
with the masses obtained from
m2ψ = (m
0
ψ)
2 + ΣDD(k
2 = m2ψ) . (118)
Here m0ψ is the bare mass and ΣDD(k
2) is the total J/Ψ self-energy obtained from the DD-loop contri-
bution. The in-medium mass, m∗ψ, is obtained likewise, with the self-energy calculated with medium-
modified D meson mass calculated by the QMC model.
We take the averaged, equal masses for the neutral and charged D mesons, i.e. mD0 = mD± .
Averaging over the three polarizations of J/Ψ, one can calculate the DD-loop contribution to the J/Ψ
self-energy ΣDD as
ΣDD(m
2
ψ) = −
g2ψDD
3pi2
∫ ∞
0
dq ~q 2 FDD(~q
2)KDD(~q
2), (119)
where FDD(~q
2) is the product of vertex form-factors (to be discussed later) and the KDD(~q
2) for the
DD-loop contribution is given by
KDD(~q
2) =
~q 2
ωD
(
~q 2
ω2D −m2ψ/4
− ξ
)
, (120)
where ωD = (~q
2 +m2D)
1/2, ξ = 0 for the non-gauged Lagrangian of Eq. (114) and ξ = 1 with Eq. (115),
for the gauged Lagrangian of Ref. [71].
Because of baryon number conservation, no vector potential should contribute to the DD-loop
integral. Recall that, for the K+ meson case, gqω associated with the vector potential had to be scaled
1.42 times to reproduce an empirically extracted repulsive potential of about 25 MeV at normal nuclear
matter density [104]. The reason is that K-mesons may be regarded as pseudo-Goldstone bosons, and
they are therefore difficult to describe by naive quark models as is also the case for pions. For this
reason, in earlier work we explored the possibility of also scaling the gqω strength by a factor 1.4
2 for the
D and D mesons [107, 153]. In the present case, this possibility is irrelevant, since the vector potential
does not contribute to the final results. Thus, we may focus on the effective masses of the D-mesons.
For completeness we show the effective masses of the D and D∗ mesons calculated by the QMC
model in Fig. 6. The net reductions of the D and D∗ masses are nearly equal for a given density, as
dictated by the light quark number counting rule [100]. (See also subsection 3.2.) This fact supports the
assumption applied here that the J/Ψ self-energy involving any D∗ (D∗) mesons intermediate states
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Figure 6: D (lower dashed line) and D∗ (upper solid line) meson effective masses in symmetric nuclear
matter.
should be less enhanced than that involving only the D (D) mesons as in vacuum—the reason why we
update and ignore any intermediate states involving the D∗ (D∗).
Amongst, one of the important ingredients in the present calculation is the phenomenological form
factor, needed to regularize the self-energy loop integral in Eq. (119). Following previous experience
with a similar calculation for the ρ self-energy [154] and the φ-meson case, we use a dipole form for the
vertex form factor,
uD(~q
2) =
(
Λ2D +m
2
ψ
Λ2D + 4ω
2
D(~q )
)2
, (121)
so that the FDD(~q
2) in Eq. (119) are given by
FDD(~q
2) = u2D(~q
2), (122)
where ΛD is a cutoff mass. Obviously the main uncertainty here is the value of this cutoff mass. In a
simple-minded picture of the vertex the cutoff mass is related to the extension of the overlap region of
J/Ψ and D meson at the vertex, and therefore should depend upon the size of the wave function of this
meson. One can have a rough estimate of ΛD by using a quark model calculation of the form factors.
Using a 3P0 model for quark-pair creation [155] and Gaussian wave functions for the mesons, the vertex
form factor can be written as [71]
uQM(~q
2) = e−~q
2/4(β2D+2β
2
ψ), (123)
where βD and βψ are respectively the Gaussian size parameters of the D and J/Ψ wave functions.
Demanding that the uD(~q
2) of Eq. (121) and uQM(~q
2) have the r.m.s. radii 〈r2〉1/2, with
〈r2〉 = −6 d lnu(q
2)
dq2
∣∣∣∣∣
~q 2=0
, (124)
one obtains
Λ2D = 32(β
2
D + 2β
2
ψ)− 4m2D. (125)
UsingmD = 1867.2 MeV and for the βD,ψ the values used in Ref. [71], βD = 310 MeV and βψ = 520 MeV,
one obtains ΛD = 2537 MeV. Admittedly this is a somewhat rough estimate and it is made solely to
obtain an order of magnitude estimate, since we do not expect that Gaussian form factors should be
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very accurate at high ~q 2. In view of this and to gauge uncertainties of our results, we allow the value of
ΛD vary in the range 2000 MeV ≤ ΛD ≤ 6000 MeV. We have studied much larger range of the values
for ΛD [75] than before [72, 73, 74].
There remain to be fixed the bare J/Ψ mass m0ψ and the coupling constants. The bare mass is fixed
by fitting the physical mass mJ/Ψ = 3096.9 MeV using Eq. (118). For the coupling constants we use
gψDD = 7.64, which is obtained by the use of isospin symmetry [156].
We calculate the in-medium self-energy using the in-medium D meson mass calculated by the QMC
model presented in Fig. 6. We present results for both ξ = 0 (no gauge coupling) and for ξ = 1 (with
gauge coupling). In Fig. 7 we show the contribution of the DD-loop to the J/Ψ mass shift for ξ = 0
(left panel), and the comparison with ξ = 0 and ξ = 1 (right panel). As the cutoff mass value increases
in the form factor, obviously the DD-loop contribution becomes larger.
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Figure 7: Contribution from the DD-loop to the J/Ψ mass shift ∆mψ = m
∗
ψ−mψ in symmetric nuclear
matter without the gauge term (ξ = 0) for five different values of the cutoff ΛD (left panel), and the
comparison with including the gauge term (ξ = 1) for two values of ΛD (right panel).
First, from the result shown in the left panel in Fig. 7 without the gauge term (ξ = 0), one can see
that the J/Ψ gets the attractive potential for all the values of the cuttoff ΛD, 2000 − 6000 MeV. In
contrast, one can see from the right panel in Fig. 7, that the effect of the gauge term tends to oppose
the effect (repulsion) of the contribution of the DD-loop as noticed in Ref. [72]. When the value of ΛD
is smaller, the mass shift becomes positive. (Note that in Tab. 1 of Ref. [72], since the J/Ψ bare mass
m0ψ was calculated including all the DD-, DD
∗-, DD∗- and D∗D∗-loops, the dependence of the J/Ψ
mass shift on the applied ΛD values was slightly different from the present case with the inclusion of
only the DD-loop.)
The results shown in Fig. 7 reveal a negative mass shift (attractive potential) for the J/Ψ in sym-
metric nuclear matter in all cases. A negative self-energy for ∆mψ means that the nuclear mean field
provides attraction to J/Ψ. Using for m = m∗ψ and R = 5 fm in Eq. (107), one sees that the values
of ∆mψ shown in Fig. 7 are much larger than the lower bound minimum V0 > 1 MeV. Of course,
as mentioned previously, the nuclear surface plays an important role and a detailed investigation is
required.
4.3 Predictions for ηc- and J/Ψ-nucleus binding energies
We now present predictions for the binding energies of ηc and J/Ψ in selected nuclei, ranging from
small- to large-sized: 4He, 12C, 40Ca, 48Ca, 90Zr and 208Pb. We present first the predictions obtained
with the quarkonium-nucleon potentials discussed in section 4.1 and then those based on the potentials
due to the DD-loop for J/Ψ self-energy discussed in section 4.2. The nucleon density distributions
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used for 12C, 16O, 40Ca, 90Zr and 208Pb are calculated by the QMC model [98]. For 4He, we use the
parametrization for the density distribution obtained in Ref. [157]. The J/Ψ potentials from the DD-
loop are calculated using a local density approximation. Recall that also the in-medium mass of D
meson, which is necessary in this case, is consistently calculated in the QMC model without changing
any parameters. We stress that we limit the discussion to the situation that the quarkonium is produced
nearly at rest in the interior of the nucleus (recoilless kinematics in experiments).
Since in free space the width of J/Ψ meson is ∼ 93 keV [15], we can ignore this tiny natural
width in the following. When the J/Ψ meson is produced nearly at rest, its dissociation process via
J/Ψ + N → Λ+c + D is forbidden in the nucleus, as the threshold energy in free space is about 115
MeV above. This is because the same number of light quarks three, participates in the initial and final
states and hence, the effects of the partial restoration of chiral symmetry which reduces mostly the
amount of the light quark condensates, would affect a similar total mass reduction for the initial and
final states [100, 107]. (See subsection 3.2, and Fig. 4.) Thus, the relative energy (∼ 115 MeV) to the
threshold would not be modified significantly.
We also note that once the J/Ψ meson is bound in the nucleus, the total energy of the system is
below threshold for nucleon knock-out and the whole system is stable. The exception to this is the
process J/Ψ +N → ηc +N , which is exothermic. Reference [158] has provided an estimate of this cross
section from which we deduce a width for the bound J/Ψ of order 0.8 MeV (nuclear matter density
at ρB = ρ0/2). We therefore expect that the bound J/Ψ, while not being completely stable under
the strong interaction, should be narrow enough to be clearly observed. It would be worthwhile to
investigate this further. Then, provided that experiments can be performed to produce the J/Ψ meson
in recoilless kinematics, the J/Ψ meson is expected to be captured by the nucleus into one of the bound
states, which has no strong-interaction originated width. ηc has a total decay width which is larger
than that of J/Ψ, but still relatgively small, ∼ 31.8 MeV. Therefore, the situation of heavy quarkonia
is completely different and advantageous compared to that of lighter quarkonium φ and also η and ω,
to be discussed in sections 5 and 6.2, respectively. This justifies neglecting their widths in calculating
the single-particle energy levels in a nucleus.
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Figure 8: J/Ψ nuclear potentials W polJ/ΨA(~r) (solid line) for a polarizability αJ/Ψ = 1 GeV
−3 and W lattJ/ΨA(~r)
(dashed line) from a fit to the lattice data with a cutoff rvdW = 0.5 fm.
Initially, we compare in Fig. 8 the potentials W polϕA (~r) and W
latt
ϕA (~r), defined respectively by Eqs. (106)
38
and (112). We make the comparison for J/Ψ in the 12C and 208Pb. We recall that while W polϕA (~r) is
proportional to the nuclear density ρA(~r), W
latt
ϕA (~r) is a convolution of the density with the finite-
range potential that gives the lattice spin-averaged value for the J/ΨN interaction in free space. Not
surprisingly, the shapes of both nuclear potentials are similar, essentially following the shape of the
density.
Table 7: Predictions for J/Ψ single-particle energies in several nuclei obtained with the polarization
potential W polJ/ΨA(~r), defined in Eq. (105).
4
J/ΨHe
12
J/ΨC
16
J/ΨO
40
J/ΨCa
48
J/ΨCa
90
J/ΨZr
208
J/ΨPb
αJ/Ψ = 1 GeV
−3
1s n -3.36 -4.41 -6.77 -6.84 -7.91 -8.38
1p n n -0.39 -3.47 -3.95 -5.71 -7.05
2s n n n -0.26 -0.59 -2.70 -5.01
2p n n n n n -0.21 -2.94
3s n n n n n n -0.70
αJ/Ψ = 2 GeV
−3
1s -4.49 -10.76 -12.62 -16.41 -16.16 -17.70 -17.27
1p n -3.98 -6.54 -11.95 -12.44 -14.95 -16.30
2s n n -0.54 -6.74 -7.50 -11.07 -13.95
2p n n n -1.62 -2.52 -7.33 -11.41
3s n n n n n -2.71 -8.28
Table 7 contains the predictions for J/Ψ single-particle energies for several nuclei obtained by solving
the Schro¨dinger equation, Eq. (96), with the polarization potential given in Eq. (106). The states are
denoted by nl, where n = 1, 2, 3, · · · is the principal quantum number, and l = 0(s), 1(p), 2(d), · · ·. When
the single-particle energy is less than 10−2 MeV, we consider there is no bound state and denote this
with “n” in the tables. We present results for two typical values of the polarizability: αJ/Ψ = 2 GeV
−3,
which is an estimate made in Refs. [68, 115], and αJ/Ψ = 1 GeV
−3, which is the upper value for αηb
obtained in Ref. [64] in the context of pNRQCD; they correspond respectively to scattering lengths
aJ/ΨN = −0.37 fm and aJ/ΨN = −0.19 fm. The table reveals that while relatively deep J/Ψ bound
states, with more than 10 MeV, can happen in all nuclei when αJ/Ψ = 2 GeV
−3, when αJ/Ψ = 1 GeV−3
they can happen only for the largest nucleus, 208Pb. We also mention that with a scattering length
aJ/ΨN = −0.05 fm, the value extracted from J/Ψ p scattering [137], the binding of J/Ψ to nuclei is
about 1 MeV for the largest nuclei, being close to 2 MeV in 208Pb.
Predictions for ηc and J/Ψ single-particle energies for several nuclei from the potential using lattice
QCD input, given in Eq. (112), are presented in Tab. 8. We recall that the ηcN and J/ΨN potentials
fit the lattice scattering lengths and incorporate the Yuakwa tail from the fit from lattice data. Results
for 4He are not displayed because there are no bound states and 12C are similar to those for 12C like
in the previous case. One first conclusion can be drawn from the results displayed is that the nuclear
potentials are rather weak. The finite range of the quarkonium-nucleon interaction clearly influences the
nuclear potentials; although they give a larger quarkonium-nucleon scattering length that the contact-
interaction with αJ/Ψ = 1 GeV
−3 (i.e. aJ/ΨN = −0.19 fm), the nuclear surface cuts off the tail of the
finite-range potentials.
Next, we present results from calculations based on the in-medium J/Ψ self-energy calculated with
meson Lagrangians. As mentioned previously, the J/Ψ-meson-nucleus effective potential is calculated
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Table 8: Single-particle energies of ηc and J/Ψ in selected nuclei. The ηcN and J/ΨN potentials fit the
lattice scattering lengths and incorporate the Yuakwa tail from the fit from lattice data.
16
ηcO
40
ηcCa
90
ηcZr
290
ηc Pb
16
J/ΨO
40
J/ΨCa
90
J/ΨZr
290
J/ΨPb
rvdW = 0.3 fm
1s -2.92 -5.15 -6.32 -6.88 -3.62 -5.92 -7.10 -7.62
1p n -2.06 -4.17 -5.55 n -2.74 -4.93 -6.29
2s n n -1.40 -3.53 n n -2.06 -4.29
2p n n n -1.50 n n n -2.30
rvdW = 0.5 fm
1s -3.62 -5.99 -7.23 -7.79 -5.23 -7.95 -9.24 -9.74
1p n -2.72 -4.99 -6.41 -0.87 -4.41 -6.90 -8.33
2s n n -2.04 -4.33 n -0.82 -3.71 -6.20
2p n n n -2.28 n n -0.92 -4.03
in a local density approximation using the J/Ψ-meson mass shift in nuclear matter, together with the
nuclear density profile ρA(r) of a nucleus A calculated in the QMC model; specifically:
VJ/ΨA(r) = m
∗
J/Ψ(ρA(r))−mJ/Ψ = ∆mJ/Ψ(ρA(r)), (126)
where r is the distance from the center of the nucleus A. We solve the Schro¨dinger equation, Eq. (96),
with the nuclear potential given by Eq. (126). Also, we use the reduced mass of the system instead of
mJ/Ψ, which is important for
4He.
In the situation of recoilless kinematics, it should be a very good approximation to neglect the
possible energy difference between the longitudinal and transverse components [159] of the J/Ψ wave
function (φµΨ) as was assumed for the ω meson case [159]. After imposing the Lorentz condition,
∂µφ
µ
Ψ = 0, to solve the Proca equation, aside from a possible width, becomes equivalent to solving the
Klein-Gordon equation. We have solved the Schro¨dinger equation, and compared the results obtained
with those obtained in solving the Klein-Gordon equation for some cases. We have confirmed that
the two methods (without an imaginary part in the potential) yield nearly identical results within the
accuracy of a few percent as we have tested also the lighter φ-meson case.
The results in Tab. 9 show that the J/Ψ are expected to form J/Ψ-nuclear bound states for nearly
all the nuclei considered, but some cases for 4He. This is insensitive to the values of cutoff mass values
used in the form factor. It will be possible to search for the bound states in a 208Pb nucleus at JLab
after the 12 GeV upgrade. In addition, one can expect quite rich spectra for medium and heavy mass
nuclei. Of course, the main issue is to produce the J/Ψ meson with nearly stopped kinematics, or nearly
zero momentum relative to the nucleus. Since the present results imply that many nuclei should form
J/Ψ-nuclear bound states, it may be possible to find such kinematics by careful selection of the beam
and target nuclei.
We have been able to set the strong interaction width of the J/Ψ to be zero (and neglect its tiny
natural width of ∼ 93 keV in free space). Combined with the generally advocated color-octet gluon-
based attraction, or QCD color van der Waals forces, one can expect that the J/Ψ meson will form
nuclear bound states, and that the signal for the formation should be experimentally very clear, provided
that the J/Ψ meson is produced in recoilless kinematics.
The J/Ψ-D coupling constants are taken as determined from vector meson dominance, and the
cutoff masses are varied over a large range of values. The QMC model predicts a 62 MeV downward
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Figure 9: Potentials felt by J/Ψ in a 4He nucleus (left panel) and in a 208Pb nucleus (right panel) for
five values of the cutoff mass in the form factors, ΛD = 2000, 3000, 4000, 5000 and 6000 MeV.
mass shift for the D-meson at normal nuclear matter density. The D-meson mass shift leads to a
corresponding in-medium J/Ψ downward mass shift varying between −5 MeV and −22 MeV in 4He
and 208Pb nuclei, for cutoff mass values in the range of 2000 MeV and 6000 MeV. Such a mass shift is
large enough to bind a J/Ψ to a nucleus for a J/Ψ produced at low momentum in the rest frame of the
nucleus.
We note that it is unclear whether the two mechanisms underlying both approaches we have dis-
cussed for heavy quarkonium binding are independent from each other and their predictions should be
combined. This is because a quark-gluon-based interaction of a quarkonium with light hadrons can,
in principle, be matched to a hadron-based interaction. This is nicely illustrated by the derivation of
the van der Waals force in the quarkonium-quarkonium interaction with a chiral EFT derived from
gWEFT that, in turn, is derived from pNRQCD, the latter being a quark-gluon based theory. In the
same way, the matching of gWEFT to an EFT involving couplings of quarkonia to D mesons would
lead to an approach in which the quarkonium interacts with the medium via virtual DD loops. On
the other hand, the interaction generated by the DD loop is of shorter range (of the order of 1/2MD)
as compared with the range of a van der Waals force and, tehrefore, both mechanisms are expected to
contribute. Such an EFT involving quarkonium and D mesons has not been derived from pNRQCD so
far and, therefore, for now one has to resort to a phenomenological Lagrangian approach.
Although the present results point the the possible existence of ηc and J/Ψ nuclear bound states,
some issues clearly require further investigation. Amongst the most important ones are the calculation
of effective ηc and J/Ψ potentials with taking into account momentum dependence. In the context of the
DD-loop calculation, the width of the D-meson needs to be taken into account. Recent calculations [160]
of in-medium D and D∗ widths based on meson-exchange models have obtained somewhat contradictory
results and further study is required. Still in this context, as emphasized in Refs. [161, 162, 163], the
lack of experimental information on the free-space interaction of D mesons with nucleons is a major
impediment for constraining models and the use of symmetry principles and exploration of the interplay
between quark-gluon and baryon-meson degrees of freedom is essential in this respect. Another issue is
the dissociation of ηc and J/Ψ in matter by collisions with nucleons and light mesons. This subject has
been studied vigorously in the last years using different approaches, like meson exchange [164] and quark
models [165], QCD sum rules [166], and the NJL model [167]. Finally, as already discussed in detail
in subsection 4.1, we stress the need for a deeper understanding of the J/ΨN interaction, including its
long-range van der Waals behavior and its relation to the DD-loop mechanism within the context of the
strongly interacting many-nucleon system. The construction of an EFT for the quarkonium-nucleon
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Table 9: J/Ψ−nucleus bound state energies taking into account the change in the self-energy in medium,
calculated with the Schro¨dinger equation. All dimensioned quantities are given in MeV.
Bound state energies
ΛD = 2000 ΛD = 3000 ΛD = 4000 ΛD = 5000 ΛD = 6000
4
J/ΨHe 1s n n -0.70 -2.70 -5.51
12
J/ΨC 1s -0.52 -1.98 -4.47 -7.67 -11.26
1p n n n -1.38 -3.84
16
J/ΨO 1s -1.03 -2.87 -5.72 -9.24 -13.09
1p n n -0.94 -3.48 -6.60
40
J/ΨCa 1s -2.78 -5.44 -9.14 -13.50 -18.12
1p -0.38 -2.32 -5.43 -9.32 -13.56
1d n n -1.52 -4.74 -8.49
2s n n -1.27 -4.09 -7.60
48
J/ΨCa 1s -2.96 -5.62 -9.28 -13.55 -18.08
1p -0.73 -2.83 -6.03 -9.95 -14.18
1d n n -2.46 -5.87 -9.73
2s n -0.07 -1.90 -5.00 -8.65
90
J/ΨZr 1s -3.64 -6.40 -10.12 -14.41 -18.92
1p -1.93 -4.42 -7.92 -12.03 -16.40
1d -0.03 -2.13 -5.31 -9.18 -13.37
2s -0.02 -1.56 -4.51 -8.26 -12.37
2p n n -1.52 -4.71 -8.45
208
J/ΨPb 1s -4.25 -7.08 -10.82 -15.11 -19.60
1p -3.16 -5.86 -9.52 -13.74 -18.18
1d -1.84 -4.38 -7.90 -12.01 -16.37
2s -1.41 -3.81 -7.25 -11.30 -15.61
2p -0.07 -1.95 -5.10 -8.97 -13.14
system wherein light quark degrees of freedom are incorporated via chiral EFTs, possibly trailing a
path similar to that in the derivation of a color van der Waals force with pNRQCD and gWEFT, is a
challenge that seems worth facing in the coming years.
5 Nuclear-bound φ
Several experiments have focused on the light vector mesons ρ, ω, and φ, since their mean-free paths
can be comparable with the size of a nucleus after being produced inside the nucleus. However, a
unified consensus has not yet been reached among the different experiments—see Refs. [168, 169, 42]
for comprehensive reviews of the current status.
For the φ-meson, although the precise values are different, a large in-medium broadening of the
width has been reported by most of the experiments performed, while only a few of them find evidence
for a substantial mass shift. For example, the KEK-E325 collaboration [170] reported a mass reduction
of 3.4% and an in-medium decay width of ≈ 14.5 MeV at normal nuclear matter density. The latter
disagrees with the SPring8 [171] result, which reported a large in-medium φN cross section leading to a
decay width of 35 MeV. But this 35 MeV is in close agreement with the two JLab CLAS collaboration
measurements reported in Refs. [172] and [173].
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In an attempt to clarify the situation, the CLAS collaboration at JLab [174] performed new mea-
surements of nuclear transparency ratios, and estimated in-medium widths in the range of 23-100 MeV.
These values overlap with that of the SPring8 measurement [171]. More recently, the ANKE-COSY
collaboration [175] has measured the φ-meson production from proton-induced reactions on various
nuclear targets. The comparison of data with model calculations suggests an in-medium φ width of
≈ 50 MeV. This result is consistent with that of SPring8 [171], as well as the one deduced from CLAS
at JLab [174]. However, the value is clearly larger than that of the KEK-E325 collaboration [170].
Thus, it is obvious that the search for evidence of a light vector meson mass shift is indeed compli-
cated. It certainly requires further experimental efforts to understand better the changes of φ-meson
properties in a nuclear medium. For example, the J-PARC E16 collaboration [176] intends to perform
a more systematic study for the mass shift of vector mesons with higher statistics. Furthermore, the
E29 collaboration at J-PARC has recently put forward a proposal [177, 178] to study the in-medium
mass modification of the φ-meson via the possible formation of φ-nucleus bound states [179], using the
primary reaction pp→ φφ. Finally, there is a proposal at JLab, following the 12 GeV upgrade, to study
the binding of φ (and η) to 4He [180].
On the theoretical side, various authors predict a downward shift of the in-medium φ-meson mass
and a broadening of the decay width. The possible decrease of the light vector meson masses in a nuclear
medium was first predicted by Brown and Rho [181]. Thereafter, many theoretical investigations have
been conducted, some of them focused on the self-energies of the φ-meson due to the kaon-antikaon
loop. Ko et al. [70] used a density-dependent kaon mass determined from chiral perturbation theory
and found that at normal nuclear matter density, ρ0, the φ-meson mass decreases very little, by at most
2%, and the width Γφ ≈ 25 MeV and broadens drastically for large densities. However, their estimate
has an uncertainty of factor of two for the in-medium kaon (and antikaon) mass used. Hatsuda and Lee
calculated the in-medium φ-meson mass based on the QCD sum rule approach [182, 183], and predicted
a decrease of 1.5%-3% at normal nuclear matter density. Other investigations also predict a large
broadening of the φ-meson width: Ref. [184] reports a negative mass shift of < 1% and a decay width
of 45 MeV at ρ0; Ref. [185] predicts a decay width of 22 MeV but does not report a result on the mass
shift; and Ref. [186] gives a rather small negative mass shift of ≈ 0.81% and a decay width of 30 MeV.
More recently, Ref. [187] reported a downward mass shift of < 2% and a large broadening width of 45
MeV; and finally, in Ref. [188], extending the work of Refs. [185, 186], the authors reported a negative
mass shift of 3.4% and a large decay width of 70 MeV at ρ0. The reason for these differences may
lie in the different approaches used to estimate the kaon-antikaon loop contributions for the φ-meson
self-energy.
In this section we discuss possible formation of φ-nucleus bound states, the strange quarkonium-
nuclear bound states of ss-nucleus. The results presented here are from Refs. [76, 189]. The method
to estimate the φ-meson–nuclear potential is similar to that for J/Ψ-meson, except that the φ-meson
has finite widths both in vacuum and in medium, due to the large decay branches of more than 80 %
to kaon-antikaon pairs.
5.1 φ self-energy
We use the effective Lagrangian of Refs. [70, 190] to compute the φ self-energy; the interaction La-
grangian Lint involves φKK and φφKK couplings dictated by a local gauge symmetry principle:
Lint = LφKK + LφφKK , (127)
where
LφKK = igφφµ
[
K(∂µK)− (∂µK)K
]
, (128)
and
LφφKK = g2φφµφµKK. (129)
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K
Figure 10: KK-loop contribution to the φ-meson self-energy.
We use the convention:
K =
(
K+
K0
)
, K =
(
K− K
0
)
. (130)
We note that the use of the effective interaction Lagrangian of Eq. (127) without the term given in
Eq. (129) may be considered as being motivated by the hidden gauge approach in which there are no four-
point vertices, such as (129), that involves two pseudoscalar mesons and two vector mesons [146, 191].
This is in contrast to the approach of using the minimal substitution to introduce vector mesons as
gauge particles where such four-point vertices do appear. However, these two methods have been shown
to be consistent if both the vector and axial vector mesons are included [192, 193, 194, 195]. Therefore,
we present results with and without such an interaction.
We first consider the contribution from the φKK coupling given by Eq. (128) to the scalar part of
the φ self-energy, Πφ(p); Fig. 10 depicts this contribution. For a φ-meson at rest, it is given by
iΠφ(p) = −8
3
g2φ
∫
d4q
(2pi)4
~q 2DK(q)DK(q − p) , (131)
where DK(q) = (q
2 −m2K + i)−1 is the kaon propagator; p = (p0 = mφ,~0) is the φ-meson four-
momentum vector, with mφ the φ-meson mass; mK(= mK) is the kaon mass. When mφ < 2mK the
self-energy Πφ(p) is real. However, when mφ > 2mK , which is the case here, Πφ(p) acquires an imaginary
part. The mass of the φ is determined from the real part of Πφ(p),
m2φ =
(
m0φ
)2
+ Re Πφ(m
2
φ), (132)
with m0φ being the bare mass of the φ and
Re Πφ = −2
3
g2φP
∫
d3q
(2pi)3
~q 2
1
EK(E2K −m2φ/4)
. (133)
Here P denotes the Principal Value part of the integral Eq. (131) and EK = (~q 2 +m2K)1/2. The decay
width of φ to a KK pair is given in terms of the imaginary part of Πφ(p),
Im Πφ = −
g2φ
24pi
m2φ
(
1− 4m
2
K
m2φ
)3/2
, (134)
as
Γφ = − 1
mφ
Im Πφ =
g2φ
24pi
mφ
(
1− 4m
2
K
m2φ
)3/2
. (135)
The integral in Eq. (133) is divergent and needs regularization; we use a phenomenological form
factor, with a cutoff parameter ΛK , as in Ref. [72]. The coupling constant gφ is determined by the
experimental width of the φ in vacuum [15]. For the φ mass, mφ, we use its experimental value:
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mexptφ = 1019.461 MeV [15]. For the kaon mass mK , there is a small ambiguity since mK+ 6= mK0 ,
as a result of charge symmetry breaking and electromagnetic interactions. The experimental values
for the K+ and K0 meson masses in vacuum are mexptK+ = 493.677 MeV and m
expt
K0 = 497.611 MeV,
respectively [15]. For definiteness we use the average of mexptK+ and m
expt
K0 as the value of mK in vacuum.
The effect of this tiny mass ambiguity on the in-medium kaon (antikaon) properties is negligible. Then,
we get the coupling gφ = 4.539, and can fix the bare mass m
0
φ.
5.2 φ nuclear bound states
The in-medium φ mass is calculated by solving Eq. (132) by replacing mK by m
∗
K and mφ by m
∗
φ, and
the width is obtained by using the solutions in Eq. (135). In-medium kaon mass m∗K is calculated in the
QMC model [104] explained in Sec. 3. We regularize the associated loop integral with a dipole form factor
using a cutoff mass parameter ΛK . In principle, this parameter may be determined phenomenologically
using, for example, a quark model—see Ref. [72] for more details. However, for simplicity we keep it
free and vary its value over a wide interval, namely 1000-4000 MeV.
Table 10: φ mass and width at normal nuclear matter density, ρ0. All quantities are given in MeV.
ΛK = 1000 ΛK = 2000 ΛK = 3000 ΛK = 4000
m∗φ 1009.3 1000.9 994.9 990.5
Γ∗φ 37.7 34.8 32.8 31.3
In Tab. 10, we present the values for m∗φ and Γ
∗
φ at normal nuclear matter density ρ0. A negative
kaon mass shift of 13% induces only maximum of ≈ 3% downward mass shift of the φ. On the other
hand, Γ∗φ is very sensitive to the change in the kaon mass; at ρB = ρ0, the broadening of the φ becomes
an order of magnitude larger than its vacuum value and it increases rapidly with increasing nuclear
density, up to a factor of ∼ 20 enhancement for the largest nuclear matter density treated, ρB = 3ρ0.
We present the in medium mass shift of the φ and its width without the gauge term, (ξ = 0) in
the upper panel in Fig. 11. The effect of the in-medium kaon mass change gives a negative shift of the
φ-meson mass. However, even for the largest value of density treated, namely 3ρ0, the downward mass
shift is only a few percent for all values of the cutoff parameter ΛK .
To conclude and for completeness, we show the impact the φφKK interaction of Eq. (129) on the in-
medium φ mass and width. The lower panels in Fig. 11 present the results. We have used the notation
that ξ = 1(0) means that this interaction is (not) included in the calculation of the φ self-energy. One
still gets a downward shift of the in-medium φ mass when ξ = 1, although the absolute value is slightly
different from ξ = 0. The in-medium width is not very sensitive to this interaction.
Next, we present our predictions for the single-particle energies and half widths for φ-nucleus bound
states for seven nuclei selected. We solve the Klein-Gordon equation for complex φ-nucleus potentials
obtained by a local-density approximation using the nucleon density distributions calculated by the
QMC model. This leads to use the following complex φ-nucleus (A) potential,
VφA(r) = ∆m
∗
φ(ρB(r))− (i/2)Γ∗φ(ρB(r)), (136)
≡ Uφ(r)− i
2
Wφ(r), (137)
where Uφ(r) ≡ ∆m∗φ(ρB(r)) ≡ m∗φ(ρB(r)) − mφ, r is the distance from the center of the nucleus and
ρB(r) is the baryon density profile of the given nucleus calculated by the QMC model. As examples,
we show in Fig. 12 the φ-nuclear potentials Uφ(r) and width Wφ(r) in
4He and 208Pb nuclei, for three
values of the cutoff parameter values of ΛK .
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Figure 11: In-medium φ mass shift (upper left panel) and width (upper right panel) without the gauge
term, ξ = 0, and the comparison of these with the gauge term (ξ = 1) (lower panels) for different values
of the cutoff parameter ΛK . Figures are taken from Refs. [76, 189].
Using the φ-meson potentials obtained in this manner, we calculate the φ-meson–nuclear bound
state energies and absorption widths for the seven nuclei selected. Before proceeding, a few comments
on the use of Eq. (138) (below) are in order. In this study we consider the situation where the φ-meson
is produced nearly at rest; therefore, the same remarks made in the previous section on neglecting a
possible energy difference between the longitudinal and transverse components of the J/Ψ apply to the
present case of the φ. We solve the Klein-Gordon equation (φ-meson wave function is represented by
φ(~r) here), (
−∇2 + µ2 + 2µV (~r)
)
φ(~r) = E2φ(~r), (138)
where µ = mφmA/(mφ+mA) is the reduced mass of the φ-meson-nucleus system with mφ (mA) the mass
of the φ-meson (nucleus A) in vacuum, and V (~r) is the complex φ-meson-nucleus potential of Eq. (137).
This equation is solved by using the momentum space methods developed in Ref. [196]. Here, Eq. (138)
is first converted to momentum space representation via a Fourier transform, followed by a partial wave-
decomposition of the Fourier-transformed potential. Then, for a given value of angular momentum, the
eigenvalues of the resulting equation are found by the inverse iteration eigenvalue algorithm. The
calculated bound state energies (E) and widths (Γ), which are related to the complex energy eigenvalue
E by E = Re E − µ and Γ = −2 Im E , are listed in Tab. 11 for three values of the cutoff parameter ΛK ,
with and without the imaginary part of the potential, WφA(r).
Table 11 shows the results for the real and imaginary parts of the single-particle energies E =
E − (i/2)Γ in seven nuclei selected. We present results with and without the imaginary (absorptive)
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Figure 12: Potential (left panel) and width (right panel) for φ-meson in 4He (upper panel), and for
208Pb (lower panel), respectively for three values of the cutoff parameter ΛK , from Ref. [189].
part of the φ-nucleus potential VφA(r). One sees that φ is not bound to
4He when the imaginary part
of the potential is included. For larger nuclei, the φ does bind but while the binding is substantial the
energy levels are quite broad; the half widths being roughly the same size as the central values of the
real parts.
We first discuss the case in which the imaginary part of the φ-nucleus potential Wφ(r) is set to zero.
The results are listed in the brackets in Tab. 11. From the values shown in brackets, we see that the
φ-meson is expected to form bound states with all the seven nuclei selected, for all values of the cutoff
parameter ΛK = 2000, 3000 and 4000 MeV. (For the variation in the potential depths due to the ΛK
values, see Fig. 12.) However, the bound state energy is obviously dependent on ΛK , as expected.
Next, we discuss the results obtained with the full potential, including the imaginary part Wφ(r).
Adding the absorptive part of the potential, the situation changes appreciably. From the results pre-
sented in Tab. 11 we note that, for the largest value of the cutoff parameter ΛK = 4000 MeV which
yields the deepest attractive potentials, the φ-meson is expected to form bound states in all the seven
nuclei selected, including the lightest 4He nucleus. However, whether or not the bound states can be
observed experimentally, is sensitive to the value of the cutoff parameter ΛK . One can also observe
that the width of the bound state is insensitive to the values of ΛK for all nuclei. Furthermore, since
the imaginary part induces a repulsive potential, the bound states disappear completely in some cases,
even though the bound states are found when the absorptive part is set to zero. This feature is obvious
for the 4He nucleus. Thus, it would be very interesting for the future experiments planned at J-PARC
and JLab, using light and medium-heavy nuclei [179, 180, 197, 198].
Here we comment that we have also solved the Schro¨edinger equation with the potential Eq. (137)
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Table 11: φ-nucleus single-particle energy E and half width Γ/2 obtained, with and without the imagi-
nary part of the potential Wφ(r), for three values of the cutoff parameter ΛK . When only the real part
is included, where the corresponding single-particle energy E is given inside the brackets, Γ = 0 for all
nuclei. “n” denotes that no bound state is found. All quantities are given in MeV.
ΛK = 2000 ΛK = 3000 ΛK = 4000
E Γ/2 E Γ/2 E Γ/2
4
φHe 1s n (-0.8) n n (-1.4) n -1.0 (-3.2) 8.3
12
φ C 1s -2.1 (-4.2) 10.6 -6.4 (-7.7) 11.1 -9.8 (-10.7) 11.2
16
φ O 1s -4.0 (-5.9) 12.3 -8.9 (-10.0) 12.5 -12.6 (-13.4) 12.4
1p n (n) n n (n) n n (-1.5) n
40
φ Ca 1s -9.7 (-11.1) 16.5 -15.9 (-16.7) 16.2 -20.5 (-21.2) 15.8
1p -1.0 (-3.5) 12.9 -6.3 (-7.8) 13.3 -10.4 (-11.4) 13.3
1d n (n) n n (n) n n (-1.4) n
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φ Ca 1s -10.5 (-11.6) 16.5 -16.5 (-17.2) 16.0 -21.1 (-21.6) 15.6
1p -2.5 (-4.6) 13.6 -7.9 (-9.2) 13.7 -12.0 (-12.9) 13.6
1d n (n) n n (-0.8) n -2.1 (-3.6) 11.1
90
φ Zr 1s -12.9 (-13.6) 17.1 -19.0 (-19.5) 16.4 -23.6 (-24.0) 15.8
1p -7.1 (-8.4) 15.5 -12.8 (-13.6) 15.2 -17.2 (-17.8) 14.8
1d -0.2 (-2.5) 13.4 -5.6 (-6.9) 13.5 -9.7 (-10.6) 13.4
2s n (-1.4) n -3.4 (-5.1) 12.6 -7.4 (-8.5) 12.7
2p n (n) n n (n) n n (-1.1) n
208
φ Pb 1s -15.0 (-15.5) 17.4 -21.1 (-21.4) 16.6 -25.8 (-26.0) 16.0
1p -11.4 (-12.1) 16.7 -17.4 (-17.8) 16.0 -21.9 (-22.2) 15.5
1d -6.9 (-8.1) 15.7 -12.7 (-13.4) 15.2 -17.1 (-17.6) 14.8
2s -5.2 (-6.6) 15.1 -10.9 (-11.7) 14.8 -15.2 (-15.8) 14.5
2p n (-1.9) n -4.8 (-6.1) 13.5 -8.9 (-9.8) 13.4
2d n (n) n n (-0.7) n -2.2 (-3.7) 11.9
with and without the imaginary part, and obtained the single-particle energies and widths, and com-
pared with those given in Tab. 11. The results found for both, with and without the imaginary part,
are essentially the same.
To summarize, essential to the calculation of the φ-nucleus bound states is the in-medium kaon mass
which is calculated in the QMC model, where the scalar and vector meson mean fields couple directly
to the light u and d quarks (antiquarks) in the K (K) meson.
At normal nuclear matter density, allowing for a very large variation of the cutoff parameter ΛK ,
although one finds a sizable negative mass shift of 13% in the kaon mass, this induces only a few percent
downward shift of the φ-meson mass. On the other hand, it induces an order-of-magnitude broadening
of the decay width.
Given the nuclear matter results, a local density approximation was used to infer the position
dependent φ-nucleus (A) complex scalar potential, VφA(ρB(r)) = Uφ(r)−(i/2)Wφ(r), in a finite nucleus.
This allowed us to study the binding and absorption of a number of φ-nuclear systems, given the nuclear
density profiles, ρB(r), calculated using the QMC model.
The Klein-Gordon equation has been solved to obtain the bound state single-particle energies for
seven nuclei selected. While the results found in here show that one should expect the φ-meson to
bound in all but the lightest nuclei, the broadening of these energy levels, which is comparable to the
amount of binding, suggests that it may be challenging to observe such states experimentally.
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6 Nuclear-bound of ω, η and η′ mesons
As mentioned already, to study the medium modification of the light vector (ρ, ω and φ) meson masses
is very interesting since it can provide us with information on partial restoration of chiral symmetry
in a nuclear medium. Such experiments carried out by the CERES and HELIOS collaborations at the
CERN/SPS [199], and those at JLab [200, 201] and GSI [202, 203], are closely related to this issue.
An alternative approach to study meson mass shifts in nuclei was suggested by Hayano et al. [204] to
produce η and ω mesons with nearly zero recoil, which inspired the theoretical investigations of η- and
ω-mesic nuclei [205, 206]. We review here the results for ω-, η- and η′-mesic nuclei, those studied using
the quark-meson coupling (QMC) model [107, 206].
In this section we discuss the nuclear binding of the ω, η and η′ mesons. These mesons contain
the hidden light-quark (qq) components, while the D and D mesons, which will be discussed in next
section, are respectively represented by cq and cq mesons. Since the interactions of the mesons with
the nuclear medium, or nuclear many-body systems are mainly mediated by the scalar-isoscalar σ and
vector-isoscalar ω mean fields which directly couple to the light quarks in the QMC model, the treatment
for these mesons is different from that for the hidden strange meson φ, and hidden charm meson J/Ψ.
Thus, at first order, they directly interact with the surrounding nuclear environment, not necessary
through the higher order process such as appeared in the self-energy diagrams for φ and J/Ψ.
6.1 In-medium masses of ω, η and η′ mesons
First, we discus the ω, η, and η′ meson masses in symmetric nuclear matter, since the treatments need
some more explanations in addition to those given in subsection 3.2. They are calculated in Ref. [206]
(see also Eq. (88)):
m∗η,ω(~r) =
2[a2P,V Ω
∗
q(~r) + b
2
P,V Ωs(~r)]− zη,ω
R∗η,ω
+
4
3
piR∗3η,ωB, (for η
′, aP ↔ bP ), (139)
∂m∗j(~r)
∂Rj
∣∣∣∣∣
Rj=R∗j
= 0, (j = ω, η, η′), (140)
aP,V ≡
√
1/3 cos θP,V −
√
2/3 sin θP,V , bP,V ≡
√
2/3 cos θP,V +
√
1/3 sin θP,V , (141)
where θP,V are the octet and singlet mixing angles for the pseudoscalar and vector mesons, respectively.
In Fig. 13 we show the calculated in-medium to vacuum mass ratios of the mesons in symmetric
nuclear matter [107, 206]. The masses for the physical ω, η and η′ are calculated using the corresponding
octet (η8) and singlet (η1) mixing angles, θP = −10◦ for (η, η′), and θV = 39◦ for (φ, ω) [15]. Note that
for the ω and φ mesons, they are known to be nearly ideal-mixing, so the mixing effect for their in-
medium masses are expected to be negligible, and in fact they have been treated as qq and ss mesons,
respectively. The masses for the octet and singlet states without the mixing effect for calculating the η
and η′ system are also shown (the dotted lines indicated by η8 and η1).
6.2 ω-, η- and η′-nuclear bound states
To calculate the bound state energies for the mesons with the situation of almost zero momenta, we
solve the Klein-Gordon equation [105, 107, 206]:
[∇2 + (E∗j − V jv (r))2 − m˜∗2j (r)]φj(~r) = 0, (j = ω, η, η′, D,D), (142)
m˜∗j(r) ≡ m∗j(r)−
i
2
[
(mj −m∗j(r))γj + Γ0j
]
≡ m∗j(r)−
i
2
Γ∗j(r), (143)
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Figure 13: Effective mass ratios in medium to those in vacuum in symmetric nuclear matter (ρ0 = 0.15
fm−3). η8 and η1 are respectively the octet and singlet states without the effect of the mixing angle θP .
where E∗j is the total energy of the meson, V
j
v (r), mj and Γ
0
j are respectively the sum of the vector
and Coulomb potentials, the corresponding masses and widths in free space, and γj are treated as
phenomenological parameters to describe the in-medium meson widths, Γ∗j(r) [206]. Note that, for the
η′-meson, any effects of in-medium width has been ignored. Thus, for the η′-meson, the results may
have larger uncertainties due to the lack of including the possible widths in nucleus. We discuss this
issue below based on recent experimental developments.
We show the nuclear bound state energies calculated for η, ω and η′ mesons respectively for γη = 0.5,
γω = 0.2 and γη′ = 0. This order seems to be experimentally promising. For the η and ω cases, they are
expected to correspond best with experiment according to the estimates in Refs. [204, 207], although
for η′, no clue existed when it was studied [105]. The bound state single-particle energies obtained are
listed in Tab. 12.
We first discuss the η-nuclear bound states. Studies of the η-nuclear bound states have a relatively
long history following the studies in Refs. [208, 209]. Later in Ref. [205] experimental feasibility of
observing the η-nuclear bound states was studied. The results for the η in Tab. 12 show that the η-meson
will be bound in all nuclei considered. However, the half widths (Γη/2) obtained are relatively large
compared to the corresponding binding energies. A similar conclusion was also derived in Ref. [205].
They argued that, despite the relatively large widths of the bound states, it would be feasible to
experimentally observe the η mesic nuclei in the excitation energy spectrum. η bound states in nuclei
was also studied focusing on the η-η′ mixing and flavor-singlet dynamics in Refs. [47, 48].
As for the ω-nuclear bound states, the results in Tab. 12 indicate that one may expect deeper bound
state energies and smaller widths than those for the η. A similar trend was also found in the study
made based on QHD [210]. However, as already discussed in section 5, the present situation for the
vector meson properties in nuclear medium, is still controversial [168, 169, 42].
As already mentioned, we have shown the result for the η′-nuclear bound state energies calculated
for some nuclei, by setting the possible width to be zero. (Based on the QCD symmetry, the η′ (and η)
mesic nuclei was further studied in Ref. [46].) However, a recent experimental study of the η′-nucleus
optical potential by the photoproduction of η′ (and ω) off carbon and niobium nuclei [211], found the
imaginary part of the η′-nuclear potential to be about three times smaller than the real part. Thus,
one can extract the main features of the η′-nuclear bound states from the results shown in Tab. 12, the
results obtained by setting the width to be zero.
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Table 12: η, ω and η′ bound state single-particle energies (in MeV), Ej = Re(E∗j −mj) (j = η, ω, η′),
where all widths for the η′ are set to zero. The eigenenergies are given by, E∗j = Ej +mj − iΓj/2.
γη = 0.5 γω=0.2 γη′ = 0
Eη Γη Eω Γω Eη′
6
jHe 1s -10.7 14.5 -55.6 24.7 * (not calculated)
11
j B 1s -24.5 22.8 -80.8 28.8 *
26
j Mg 1s -38.8 28.5 -99.7 31.1 *
1p -17.8 23.1 -78.5 29.4 *
2s — — -42.8 24.8 *
16
j O 1s -32.6 26.7 -93.4 30.6 -41.3
1p -7.72 18.3 -64.7 27.8 -22.8
40
j Ca 1s -46.0 31.7 -111 33.1 -51.8
1p -26.8 26.8 -90.8 31.0 -38.5
2s -4.61 17.7 -65.5 28.9 -21.9
90
j Zr 1s -52.9 33.2 -117 33.4 -56.0
1p -40.0 30.5 -105 32.3 -47.7
2s -21.7 26.1 -86.4 30.7 -35.4
208
j Pb 1s -56.3 33.2 -118 33.1 -57.5
1p -48.3 31.8 -111 32.5 -52.6
2s -35.9 29.6 -100 31.7 -44.9
Theoretically, the η′-nucleus bound states were studied in Refs. [105, 212, 213, 214], where some
of them focused on the reactions involving a 12C nucleus. However, recent measurement of excitation
spectra in the 12C(p, d) reaction near the η′ emission threshold, observed no distinct structure associated
with the formation of η′-nucleus bound states [215, 216]. Thus, we need to wait for further experimental
efforts, ideally in low recoil momentum conditions, to draw a definite conclusion, possibly using heavier
nuclear targets.
7 Nuclear-bound heavy-flavor hadrons
Very little is presently known about the strength of the interaction of charmed hadrons with ordinary
baryons and mesons. For the feasibility of experimental studies of formation of nuclear bound states,
the production rate for charmed hadrons is a key factor. For the specific case of experiments of an-
tiproton annihilation on the nucleon and nuclei, as those planned to be conducted by the PANDA
collaboration [217] at the FAIR facility, several predictions have been made in recent years. These in-
clude predictions for charmed mesons and baryons in free space [218, 219, 220, 221, 222, 223, 224, 226,
225, 227, 228, 229, 230, 231] and DD production in nuclei [232] and formation of Λ+c -hypernuclei [233].
Systematic studies were made on the property changes of heavy hadrons which contain a charm or a
bottom quark in nuclear matter [100] (see subsection 3.2), and on Λ+c - and Λb-hypernuclei [101]. Fur-
thermore, production of DD meson pair in nucleus [232], These results suggest that it is quite likely
to form the charmed and bottom hypernuclei, which were predicted first in mid 70’s [234, 235]. The
experimental possibilities were also studied later [236]. For the strange hypernuclei including recent
development, see Refs. [99, 237, 238, 239]. In addition, the B−-nuclear (atomic) bound states were
also predicted, based on the analogy with the kaonic atoms [240], and a study made for the D- and
D-nuclear bound states [107] (subsection 7.1) using the QMC model [92, 93, 94, 98] (section 3).
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The issue of charmed mesic nuclei [107] is in some ways even more exciting, in that it promises more
specific information on the relativistic mean fields in nuclei and the nature of dynamical chiral symmetry
breaking. We focus on systems containing an anti-charm quark and a light quark, cq (q = u, d), which
have no strong decay channels if bound. If we assume that dynamical chiral symmetry breaking is the
same for the light quark in the charmed meson as in purely light-quark systems, we expect the same
coupling constant gqσ, in the QMC model. Thus, the D and D mesons can provide very nice systems to
study the dynamical symmetry breaking due to their light-quark components. That is, whether or not
the light quarks in the D and D mesons reveal the same dynamical symmetry breaking in a nuclear
medium, as those in nucleons.
We note that, in the absence of any strong interaction, the D− will form atomic states, bound by
the Coulomb potential. The resulting binding for, say, the 1s level in 208Pb is between 10 and 30 MeV
and should provide a very clear experimental signature. On the other hand, although we expect the
D-meson (systems of qc) will form deeply bound D-nucleus states, they will also couple strongly to
open channels such as DN → Bc(pi′s), with Bc a charmed baryon. Unfortunately, because our present
knowledge does not permit an accurate calculation of the D-meson widths in a nucleus, results for the
D-mesic nuclei may not give useful information for experimenters.
In the following we discuss the nuclear binding of D, D, Λ+c and Λb heavy hadrons. One of the
interests to study such systems is dynamically symmetry breaking of light quarks inside the heavy
flavored hadrons, whether or not the light quarks inside the heavy hadrons feel the same forces with
those in light hadrons (nucleons and light mesons). The role of the light quarks in heavy hadrons in
connection with the partial restoration of chiral symmetry in a nuclear medium, is one of the very
interesting issues in this section—we refer the reader to Ref. [12] for an extended overview on this topic.
7.1 Predictions for D- and D-mesic nuclei in 208Pb
In this subsection we discuss the possible formation of D- and D-nuclear bound states in a 208Pb
nucleus. The reason we consider the 208Pb nucleus is that, it induces sufficient attractive Coulomb
potential for the negatively charged D− meson, and this can assist to form the D−-208Pb bound state,
namely, a Coulomb-assisted mesic nuclei (nuclear bound states). Theoretically, possible nuclear bound
states involving the D and D mesons were studied in Refs. [107, 241, 242].
Because the role of the Coulomb potential for the D−-meson is important, we explicitly give poten-
tials for the D and D mesons also including the Coulomb potential. But we do not show the potential
for D+, since the Coulomb repulsion for D+ would not allow the D+-208Pb bound states. The potentials
are given by:
V Ds (r) = m
∗
D(r)−mD, (144)
V D
−
v (r) = V
q
ω (r)−
1
2
V qρ (r)− A(r), (145)
V D
0
v (r) = V
q
ω (r) +
1
2
V qρ (r), (146)
V D
0
v (r) = −V qω (r)−
1
2
V qρ (r), (147)
where A(r) is the Coulomb potential associated with the D− and 208Pb. Note that the ρ-meson mean
field potential, V qρ (r), is negative in a nucleus with a neutron excess, such as e.g.,
208Pb, the present
case. To discuss the effects of the larger ω-meson coupling suggested by K+-nucleus scattering, V qω (r)
is replaced by V˜ qω (r) = 1.4
2V qω (r) [104, 107].
Before showing the calculated potentials for the D− in 208Pb, which are particularly interesting in
view of the strong Coulomb field, recall that we have already shown in Figs. 6 and 13 (right panel) the
mass shift of D(D) calculated in symmetric nuclear matter.
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In Fig. 14 we show respectively the Coulomb potential felt by D− in 208Pb calculated by the QMC
model (left panel), and the total potential, including the Coulomb and ρ-mean field potentials (right
panel), the sum of the potentials for the two choices of V D
−
s (r) + V
D−
v (r) (the dashed line corresponds
to V˜ qω (r) = 1.4
2V qω (r), and the dotted line to the usual V
q
ω (r)). Because the D
− meson is heavy and
may be described well in the (nonrelativistic) Schro¨dinger equation, one expects the existence of the
D−-208Pb bound states just from inspection of the naive sum of the potentials, in a way which does not
distinguish the Lorentz vector or scalar character.
Figure 14: Coulomb potential in a 208Pb (left panel) and sum of the scalar, vector and Coulomb
potentials for the D− meson in 208Pb (right panel) for two cases, (m∗D−(r)−mD−)+ V˜ qω (r)−1/2V qρ (r)−
A(r) (the dashed line) and (m∗D−(r)−mD−)+V qω (r)−1/2V qρ (r)−A(r) (the dotted line), where V˜ qω (r) =
1.42V qω (r).
Now we are in a position to calculate the bound state energies for the D and D in 208Pb, using
the potentials calculated in the QMC model. For the D− and D0, the widths are set to zero which is
(nearly) exact. There are several variants of the dynamical equation for a bound meson-nucleus system.
Consistent with the mean field picture of QMC, we solve the Klein-Gordon equation,
[∇2 + (Ej − V jv (r))2 −m∗2j (r)]φj(~r) = 0, (148)
where Ej is the total energy of the meson j (the binding energy is Ej−mj). To deal with the long range
Coulomb potential, we first expand the quadratic term (the zeroth component of Lorentz vector) as ,
(Ej − V jv (r))2 = E2j +A2(r) + V 2ωρ(r) + 2A(r)Vωρ(r)− 2Ej[A(r) + Vωρ(r)], where Vωρ(r) is the combined
potential due to ω and ρ meson mean fields (Vωρ(r) = V
q
ω (r)− 1/2V qρ (r) for D−). Then Eq. (148) can
be rewritten as an effective Schro¨dinger-like equation,[
− ∇
2
2mj
+ Vj(Ej, r)
]
Φj(r) =
E2j −m2j
2mj
Φj(r), (149)
where Φj(r) = 2mjφj(r) and Vj(Ej, r) is an effective energy-dependent potential which can be split into
three pieces (Coulomb, vector and scalar parts),
Vj(Ej, r) =
Ej
mj
A(r) +
2EjV
j
ωρ(r)− (A(r) + V jωρ(r))2
2mj
+
m∗j
2(r)−m2j
2mj
. (150)
Note that, only the first term in this equation is a long-range interaction and thus needs special treat-
ment, while the second and third terms are short range interactions. In practice, Eq. (149) is first
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converted into momentum space representation via a Fourier transformation and is then solved using
the Kwan-Tabakin-Lande´ technique [196]. It should be emphasized that no reduction has been made to
derive the Schro¨dinger-like equation, so that all relativistic corrections are included in the calculation.
The calculated meson-nucleus bound state energies for 208Pb, are listed in Tab. 13.
Table 13: D−, D0 and D0 bound state energies (in MeV). The widths are all set to zero.
State D−(V˜ qω ) D
−(V qω ) D
−(V qω , no Coulomb) D
0
(V˜ qω ) D
0
(V qω ) D
0(V qω )
1s -10.6 -35.2 -11.2 unbound -25.4 -96.2
1p -10.2 -32.1 -10.0 unbound -23.1 -93.0
2s -7.7 -30.0 -6.6 unbound -19.7 -88.5
The results in Tab. 13 show that both the D− and D0 are bound in 208Pb with the usual QMC ω
coupling constant, gqω. For D
− the Coulomb force provides roughly 24 MeV of attractive potential for
the 1s state, and is strong enough to bind the system even with the much more repulsive ω coupling
1.42gqω (viz., V˜
q
ω = 1.42V qω ). The D
0 with the stronger ω coupling 1.42gqω is not bound. Note that the
difference between D0 and D− without the Coulomb force is due to the interaction with the ρ-meson
mean field
1
2
V qρ , which is attractive for the D
0 but repulsive for the D−. For completeness, we have
also calculated the binding energies for the D0, which is deeply bound since the ω interaction with
the light antiquarks is attractive. However, the expected large width associated with strong absorption
may render it experimentally inaccessible. It is an extremely important experimental challenge to see
whether it can be detected.
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Figure 15: The D−-meson bound state wave functions in 208Pb obtained by solving the Schro¨dinger-like
equation Eq. (149) for two different ω meson coupling strengths, gqω and 1.4
2gqω = 1.96g
q
ω. See also the
caption of Fig. 14. The wavefunction is normalized as,
∫∞
0 dr 4pir
2|Φ(r)|2 = 1.
The D− bound state wave functions obtained by solving the Schro¨dinger-like equation Eq. (149) are
shown in Fig. 15, together with the baryon density distribution in 208Pb. For the usual ω coupling gqω,
the eigenstates (1s and 1p) are well within the nucleus, and behave as expected at the origin. For the
stronger ω coupling 1.42gqω, however, the D
− meson is considerably pushed out of the nucleus. In this
case, the bound state (an atomic state) is formed solely due to the Coulomb force. An experimental
determination of whether this is a nuclear state or an atomic state would give a strong constraint
on the ω coupling. We note, however, that because it is very difficult to produce D-mesic nuclei with
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small momentum transfer, and also the D-meson production cross subsection is small compared with the
background from other channels, it will be a challenging task to detect such bound states experimentally.
It should be emphasized again that, whether or not the D0-208Pb bound states exist, would give
new information as to whether the interactions of light quarks in a heavy meson are the same as those
in a nucleon in nucleus. The enormous difference between the binding energies of the D0 (∼ 100 MeV)
and the D0 (∼ 10 MeV) is a simple consequence of the presence of a strong Lorentz vector mean-field,
while the existence of any binding at all would give us important information concerning the role of the
Lorentz scalar σ field (and hence dynamical symmetry breaking) in heavy-flavor hadron systems. In
spite of the perceived experimental difficulties, we feel that the search for these bound systems should
have a very high priority.
To summarize, the D− meson should be bound in 208Pb, due to two different mechanisms, namely,
the scalar and attractive σ mean field for the case of V qω (r) even without the Coulomb force, or solely
due to the Coulomb force for the case of V˜ qω (r) = 1.4
2V qω (r). The existence of any bound states at
all would give us important information concerning the role of the Lorentz scalar σ field, and hence
dynamical symmetry breaking.
7.2 Λ+c - and Λb-hypernuclei
Systematic studies were made on the property changes of heavy hadrons which contain a charm or a
bottom quark in nuclear matter [100] (subsection 3.2), and on Λ+c - and Λb-hypernuclei [101]. Further-
more, production of DD meson pair in nucleus [232], and formation reaction of Λ+c -hypernuclei [233]
were studied. These results suggest that it is quite likely to form the charmed and bottom hypernu-
clei, which were predicted first in mid 70’s [234, 235]. The experimental possibilities were also studied
later [236]. (For the strange hypernuclei including recent development, see Refs. [99, 237, 238, 239].)
In addition, the B−-nuclear (atomic) bound states were also predicted, based on analogy with kaonic
atom [240], and a study made for the D- and D-nuclear bound states [107] (subsection 7.1) using the
QMC model [92, 93, 98, 94] (section 3).
We discuss in the following subsections some results for Λ+c - and Λb-hypernuclei. The results are
obtained by solving a system of coupled differential equations for finite nuclei, embedding a Λ+c or a
Λb to a closed-shell nucleus in Hartree mean-field approximation. (See section 3.) The results are
compared with those for the Λ-hypernuclei [99], which were also studied in the QMC model. It is
shown that, although the scalar and vector potentials felt by the Λ, Λ+c and Λb in the corresponding
hypernuclear multiplet with the same baryon numbers are quite similar, the wave functions obtained,
e.g., for 1s1/2 state are very different. Namely, the Λ
+
c baryon density distribution in
209
Λ+c
Pb is much
more pushed away from the center than that for the Λ in 209Λ Pb due to the repulsive Coulomb force.
On the contrary, the Λb baryon density distributions in Λb-hypernuclei are much more centralized than
those for the Λ in the corresponding Λ-hypernuclei due to its heavy mass. Furthermore, the level
spacing for the Λb single-particle energies is much smaller than that for the Λ and Λ
+
c , which may imply
many interesting new phenomena, that will possibly be discovered in experiments. The studies for such
heavy-flavor-hypernuclei open a new possibility of experiments, for the facilities such as JLab, J-PARC,
and FAIR.
7.3 Description of Λ+c - and Λb-hypernuclei
Let us start to consider static, (approximately) spherically symmetric charmed and bottom hypernuclei
(closed shell plus one heavy baryon configuration) ignoring small non-spherical effects due to the embed-
ded heavy baryon in Hartree mean-field approximation. In this approximation, ρNN tensor coupling
gives a spin-orbit force for a nucleon bound in a static spherical nucleus, although in Hartree-Fock it can
give a central force which contributes to the bulk symmetry energy [93, 98]. Furthermore, it gives no
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contribution for nuclear matter, since the meson fields are independent of position and time. Thus, we
ignore the ρNN tensor coupling in this study as usually adopted in the Hartree treatment of quantum
hadrodynamics (QHD) [95, 96].
Here we recall the effective Pauli potential discussed in subsection 3.1. (See Eq. (75).) This potential
is regard to reflect the Pauli blocking effects originating from the underling quark structure of hyperons.
As explained already, for the strange hyperon sector, it includes the effects of the ΣN − ΛN channel
coupling, as well as those to reproduce the observed 208Λ Pb 1s state single-particle energy of
∼= −27
MeV [99]. For the Λ+c - and Λb-hypernuclei, the same effective Pauli potential is included.
Next, we briefly discuss the spin-orbit force in QMC [93]. The origin of the spin orbit force for
a composite nucleon moving through scalar and vector fields which vary with position, was explained
in detail in Ref. [93]. The situation for the Λ and also for other hyperons are discussed in detail in
Ref. [99, 101]. In order to include the spin-orbit potential (approximately) properly, for example, for
the Λ+c -hypernuclei, it is added perturbatively the correction due to the vector potential,
− 2
2M?2
Λ+c
(~r)r
(
d
dr
gΛ
+
c
ω ω(~r)
)
~l · ~s, (151)
to the single-particle energies obtained by solving the Dirac equation, in the same way as that added
in Ref. [99]. This may correspond to a correct spin-orbit force which is calculated by the underlying
quark model [93, 99]:
V Λ
+
c
S.O.(~r)
~l · ~s = − 1
2M?2
Λ+c
(~r)r
(
d
dr
[M?
Λ+c
(~r) + gΛ
+
c
ω ω(~r)]
)
~l · ~s, (152)
since the Dirac equation at the hadronic level solved in usual QHD-type models leads to,
V Λ
+
c
S.O.(~r)
~l · ~s = − 1
2M?2
Λ+c
(~r)r
(
d
dr
[M?
Λ+c
(~r)− gΛ+cω ω(~r)]
)
~l · ~s, (153)
which has the opposite sign for the vector potential, gΛ
+
c
ω ω(~r). The correction to the spin-orbit force,
which appears naturally in the QMC model, may also be modeled at the hadronic level of the Dirac
equation by adding a tensor interaction, motivated by the quark model [243, 244]. Here, we should make
a comment that, as was discussed in detail Ref. [245], a one boson exchange model with underlying
(approximate) SU(3) symmetry in the strong interaction, also leads to weaker spin-orbit forces for the
(strange) hyperon-nucleon (Y N) than that for the nucleon-nucleon (NN).
However, in practice, because of its heavy mass M?
Λ+c
, the contribution to the single-particle energies
from the spin-orbit potential with or without including the correction term, turned out to be even
smaller than that for the Λ-hypernuclei, and further smaller for the Λb-hypernuclei. Contribution from
the spin-orbit potential with the correction term is typically of order 0.01 MeV, and even the largest
case is ∼= 0.1 MeV. This can be understood when one considers the limit, M?
Λ+c
→∞ in Eq. (152), where
the quantity inside the square brackets varies smoothly from an order of hundred MeV to zero near the
surface of the hypernucleus, and the derivative with respect to r is finite. (See also Fig. 17 presented
below.)
7.4 Predictions for single-particle energies in Λ+c - and Λb-hypernuclei
Now we discuss the results. First, in Fig. 16 we show the total baryon density distributions in 41j Ca
and 209j Pb (j = Λ,Λ
+
c ,Λb), for 1s1/2 configuration in each hypernucleus. Note that because of the self-
consistency, the total baryon density distributions are dependent on the configurations of the embedded
hyperons. The total baryon density distributions are quite similar for the Λ-, Λ+c - and Λb-hypernuclear
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multiplet with the same baryon numbers, A, since the effect of Λ,Λ+c and Λb is
∼= 1/A for each hy-
pernucleus. Nevertheless, one can notice that the Λb-hypernuclear density near the center is slightly
higher than the corresponding Λ- and Λ+c -hypernucleus. This is because the Λb is heavy and localized
nearer the center, and contributes to the total baryon density there. The baryon (probability) density
distributions for the Λ, Λ+c and Λb in the corresponding hypernuclei will be shown later.
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Figure 16: Total baryon density distributions in 41j Ca and
209
j Pb (j = Λ,Λ
+
c ,Λb), for 1s1/2 configuration
for the Λ,Λ+c and Λb.
Next, in Fig. 17, it is shown the scalar, vector, and effective Pauli-blocking potentials (denoted by
Pauli) felt by the Λ, Λ+c and Λb for 1s1/2 state in
41
j Ca (left panel) and
209
j Pb (right panel) [j = Λ,Λ
+
c ,Λb].
For the Λ+c -hypernuclei, the Coulomb potentials are also shown. The corresponding probability density
distributions are shown in Fig. 18.
As for the case of the nuclear matter [100], the scalar and vector potentials felt by these particles in
hypernuclear multiplet with the same baryon numbers are also quite similar. (See subsection 3.2.) Thus,
as far as the total baryon density distributions and the scalar and vector potentials are concerned, Λ-,
Λ+c - and Λb-hypernuclei show quite similar features within the multiplet. However, as shown in Fig. 18,
the wave functions obtained for 1s1/2 state are very different. The Λ
+
c baryon density distribution in
209
Λ+c
Pb is much more pushed away from the center than that for the Λ in 209Λ Pb due to the Coulomb force.
On the contrary, the Λb baryon density distributions in Λb-hypernuclei are much larger near the origin
than those for the Λ in the corresponding Λ-hypernuclei due to its heavy mass.
Having obtained reasonable ideas about the potentials felt by Λ,Λ+c and Λb, we show the calculated
single-particle energies in Tabs. 14 and 15 [101]. Results for the Λ-hypernuclei are from Ref. [99].
In these calculations, effective Pauli blocking, the effect of the Σc,bN − Λc,bN channel coupling, and
correction to the spin-orbit force based on the underlying quark structure, are all included in the same
way as adopted in Ref. [99]. However, the correction term for the spin-orbit force, as well as the
contribution from the spin-orbit force itself are small, their effects on the final result are very small.
Note that since the mass difference of the Λ+c and Σc is larger than that of the Λ and Σ, and it is
also true for the Λb and Σb, we expect the effect of the channel coupling for the charmed and bottom
hypernuclei is smaller than those for the strange hypernuclei, although the same parameters were used.
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In addition, the single-particle states were searched up to the same highest state as that of the core
neutrons in each hypernucleus, since the deeper levels are usually easier to observe in experiment.
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Figure 17: Potential strengths for 1s1/2 state felt by the Λ,Λ
+
c and Λb in
41
j Ca (left panel) and those
in 209j Pb (j = Λ,Λ
+
c ,Λb). ”Pauli” stands for the effective, repulsive, potential representing the Pauli
blocking at the quark level plus the Σc,bN − Λc,bN channel coupling, introduced at the baryon level
phenomenologically [99].
From the results listed in Tabs. 14 and 15, first, it is clear that the Λ+c single-particle energy levels
are higher than the corresponding levels for the Λ and Λb. This is a consequence of the Coulomb force.
This feature becomes stronger as the proton number in the core nucleus increases.
Second, the level spacing for the Λb single-particle energies is much smaller than that for the Λ and
Λ+c . This is ascribed to its heavy effective mass, M
?
b . In the Dirac equation for the Λb, the mass term
dominates more than that of the term proportional to Dirac’s κ, which classifies the states, or single-
particle wave functions. (See Refs. [98, 99] for detail.) This small level spacing would make it very
difficult to distinguish the states in experiment, or to achieve such high resolution. On the other hand,
this may imply also many new phenomena. It will have a large probability to trap a Λb among one of
those many states, especially in a heavy nucleus such as lead (Pb). What are the possible consequences?
Maybe the Λb weak decay happens inside a heavy nucleus with a very low probability? Does it emit
many photons when the Λb gradually makes transitions from a deeper state to a shallower state? All
these questions may raise a lot of interesting issues.
To summarize, a quantitative study for Λ+c - and Λb-hypernuclei in the QMC model has shown that,
although the scalar and vector potentials felt by the Λ, Λ+c and Λb are quite similar in the corresponding
hypernuclear multiplet with the same baryon numbers, the single-particle wave functions, and single-
particle energy level spacings are quite different. For the Λ+c -hypernuclei, the Coulomb force plays a
crucial role, and so does the heavy Λb mass for the Λb-hypernuclei. It should be emphasized that the
values used for the coupling constants of σ (or σ-field dependent strength), ω and ρ to the Λ,Λ+c and
Λb, are determined automatically based on the underlying quark model, the same as for the nucleon
and other baryons. (Recall that the values for the vector ω fields to any baryons can be obtained by
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Figure 18: Λ,Λ+c and Λb baryon (probability) density distributions for 1s1/2 state in
41
j Ca and
209
j Pb
(j = Λ,Λ+c ,Λb).
Table 14: Single-particle energies (in MeV) for 17j O,
41
j Ca and
49
j Ca (j = Λ,Λ
+
c ,Λb). Single-particle
energy levels are calculated up to the same highest states as that of the core neutrons. Results for the
hypernuclei are taken from Ref. [99]. Experimental data for Λ-hypernuclei are taken from Ref. [246],
where spin-orbit splittings for Λ-hypernuclei are not well determined by the experiments.
16
Λ O
17
Λ O
17
Λ+c
O 17ΛbO
40
Λ Ca
41
Λ Ca
41
Λ+c
Ca 41ΛbCa
49
Λ Ca
49
Λ+c
Ca 49ΛbCa
(Exp.) (Exp.)
1s1/2 -12.5 -14.1 -12.8 -19.6 -20.0 -19.5 -12.8 -23.0 -21.0 -14.3 -24.4
1p3/2 -2.5 -5.1 -7.3 -16.5 -12.0 -12.3 -9.2 -20.9 -13.9 -10.6 -22.2
1p1/2 (1p3/2) -5.0 -7.3 -16.5 (1p3/2) -12.3 -9.1 -20.9 -13.8 -10.6 -22.2
1d5/2 -4.7 -4.8 -18.4 -6.5 -6.5 -19.5
2s1/2 -3.5 -3.4 -17.4 -5.4 -5.3 -18.8
1d3/2 -4.6 -4.8 -18.4 -6.4 -6.4 -19.5
1f7/2 — -2.0 -16.8
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Table 15: Single-particle energies (in MeV) for 91j Zr and
208
j Pb (j = Λ,Λ
+
c ,Λb). Experimental data are
taken from Ref. [247]. See caption of Table 14 for other explanations.
89
Λ Yb
91
Λ Zr
91
Λ+c
Zr 91ΛbZr
208
Λ Pb
209
Λ Pb
209
Λ+c
Pb 209Λb Pb
(Exp.) (Exp.)
1s1/2 -22.5 -23.9 -10.8 -25.7 -27.0 -27.0 -5.2 -27.4
1p3/2 -16.0 -18.4 -8.7 -24.2 -22.0 -23.4 -4.1 -26.6
1p1/2 (1p3/2) -18.4 -8.7 -24.2 (1p3/2) -23.4 -4.0 -26.6
1d5/2 -9.0 -12.3 -5.8 -22.4 -17.0 -19.1 -2.4 -25.4
2s1/2 — -10.8 -3.9 -21.6 — -17.6 — -24.7
1d3/2 (1d5/2) -12.3 -5.8 -22.4 (1d5/2) -19.1 -2.4 -25.4
1f7/2 -2.0 -5.9 -2.4 -20.4 -12.0 -14.4 — -24.1
2p3/2 — -4.2 — -19.5 — -12.4 — -23.2
1f5/2 (1f7/2) -5.8 -2.4 -20.4 (1f7/2) -14.3 — -24.1
2p1/2 -4.1 — -19.5 — -12.4 — -23.2
1g9/2 — — -18.1 -7.0 -9.3 — -22.6
1g7/2 (1g9/2) -9.2 — -22.6
1h11/2 -3.9 — -21.0
2d5/2 -7.0 — -21.7
2d3/2 -7.0 — -21.7
1h9/2 -3.8 — -21.0
3s1/2 -6.1 — -21.3
2f7/2 -1.7 — -20.1
3p3/2 -1.0 — -19.6
2f5/2 -1.7 — -20.1
3p1/2 -1.0 — -19.6
1i13/2 — — -19.3
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the number of light quarks in a baryon, but those for the σ are different as shown in Eq. (76).) Phe-
nomenology would determine ultimately whether or not the coupling constants (strengths) determined
by the underlying quark model actually work for Λ+c and Λb. This also provides us with the information
on dynamical chiral symmetry breaking for the light quarks inside the different heavy-flavor baryons.
Although one may speculate about some aspects of the present results, they clearly show that the Λ+c -
and Λb-hypernuclei should exist in realistic experimental conditions. Experiments at facilities like JLab,
J-PARC and FAIR would provide further inputs to gain a better understanding of the interaction of Λ+c
and Λb with the nuclear matter. The study of the presence of Λ
+
c and Λb in finite nuclei experimentally
is expected to be realized in the near future. Careful investigations, both theoretical and experimental,
would lead to a much better understanding of the role of heavy quarks in a nuclear medium (finite
nuclei).
8 Conclusions and Perspectives
We have presented a review of the theoretical ideas underlying the study of quarkonia in atomic nuclei,
along with the latest experimental information. This is an exciting field which promises to provide a
far deeper understanding of how QCD works. It is an field where experimental interest is high and
important new results may be expected in the near future.
In the context of understanding whether or not one can expect to find J/Ψ mesons bound to atomic
nuclei, we reviewed the predictions of both heavy quark effective field theory and lattice QCD for the
attraction they might be expected to feel. The current expectation is for an attractive nuclear potential
from a few MeV up to as much as 20 MeV, certainly sufficient to lead to bound states. Further support
for this suggestion comes when one also calculates the reduction in the J/Ψ effective mass which arises
through the modification of self-energy loops in-medium, calculated within the QMC model. These
effects combined lead one to anticipate substantial binding energies in medium and large nuclei. We
stress that these states should also be expected to be rather narrow, with widths below 1 MeV. That
should improve the chances of finding them if one can produce the J/Ψ mesons in essentially recoilless
conditions.
Even though there have been rather more experiments aimed at examining the interaction of φ
mesons with nuclei, the situation is currently quite uncertain. While it is clear that there is substantial
broadening of the resonance, there is as yet no consensus as to whether or not the real part of the
interaction is attractive. Our review of recent theoretical progress leads us to expect that one should
find φ-nucleus bound states for almost all nuclei. A number of experiments aimed at finding such states
were described. It was also pointed out that these experiments are made even more challenging because
the widths are expected to be comparable with the amount of binding.
For mesons which are not strictly quarkonia, like the ω, η and η′, there has also been a great deal
of experimental work at laboratories such as CERN/SPS, GSI, JLab and Mami. There are hints of
binding for both the ω and η that strongly suggest more work would be valuable. There is compelling
theoretical evidence that the real part of their interaction with nuclei is attractive but the possibility of
strong absorption clouds those predictions, making the need for new expeirmental work even greater.
Other systems involving naked, rather than hidden, heavy quarks such as the D and D mesons, as
well as Λ+c and Λb baryons have also been reviewed. In some cases there are predictions of remarkably
deep binding. In any case, there is considerable interest in the study of the binding of such systems
because of the information which it may provide concerning dynamical symmetry breaking and the
partial restoration of chiral symmetry in a nuclear medium.
The various theoretical predictions discussed here are of direct relevance for the existing modern
experimental facilities such as FAIR, Jefferson Lab at 12 GeV and J-PARC, and we await the future
experimental results with great anticipation. On the theoretical side, we look forward to the new
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information that one may expect lattice QCD simulations will be able to provide concerning the binding
of heavy-flavor-quarkonia and (heavy-flavor) baryons to atomic nuclei.
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